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ABSTRACT 

 
Optimal gastrointestinal functionality and health is essential for sustainable animal production, 

especially considering that nowadays, the challenge in livestock sector is to maintain a high 

productivity and food security in a sustainable way, reducing the use of antimicrobials. 

Nutritional strategies that aim to improve animals’ performance preserving their intestinal 

health, are essential for achieving these goals. Therefore, in the present thesis, various 

nutritional interventions were evaluated, using short and medium chain fatty acids in particular, 

on the growth and intestinal well-being of pigs. The purpose of this thesis was to: 1) evaluate 

the effects of an innovative form of a medium chain fatty acid, lauric acid saponified with 

calcium, supplemented in post-weaning piglet diet on their growth and gut health and as a 

possible alternative to reduce the use of antibiotics; 2) asses the effectiveness of the 

combination of a short chain fatty acid (tributyrin) and a medium chain fatty acid (monolaurin) 

in post-weaning piglet diet on their growth performance and some gut health parameters; 3) 

evaluate the effects of lauric acid saponified with calcium administered to sows diet starting 

from the last 3 weeks of gestation, on sows productivity and on the growth performance and 

health of their offspring; 4) to assess the effect of fatty acids and different milk fractions on 

porcine IPEC-J2 cell line proliferation and viability. The results presented in this thesis 

highlight how short and medium chain fatty acids are effective candidates for improving animal 

health, reducing the use of antibiotics. This may contribute to the development of a more 

sustainable livestock production system based on the respect of animal health and the reduction 

of antimicrobials, as recommended by the “One Health” approach. However, further 

investigations are necessary to better understand the mechanisms of action, the dosage and the 

best forms of administration of short and medium chain fatty acids (alone or synergistically) 

integrated in pigs’ diets, in particular during weaning, to further improve their growth 

performance and gut health.  
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RIASSUNTO 

 
Una funzionalità ottimale e una buona salute gastrointestinale sono essenziali per una 

produzione animale sostenibile, soprattutto se si considera che, oggigiorno la sfida nel settore 

zootecnico è mantenere un’elevate produttività e sicurezza alimentare che sia sostenibile, 

riducendo al contempo l’uso degli antibiotici. Strategie nutrizionali che mirino a migliorare le 

performance degli animali preservandone la salute intestinale sono indispensabili per il 

raggiungimento di tali obiettivi. In questa tesi sono quindi state valutati diversi interventi 

nutrizionali, utilizzando in particolare acidi grassi a corta e media catena, sulla crescita e il 

benessere intestinale dei suini. Lo scopo di questa tesi è stato: 1) valutare gli effetti di una forma 

innovativa di un acido grasso a media catena, l’acido laurico saponificato con il calcio, integrato 

nella dieta post-svezzamento dei suinetti sulla loro crescita e salute intestinale e come possibile 

alternativa per la riduzione degli antibiotici; 2) valutare l’efficacia della combinazione di un 

acido grasso a corta catena (tributirrina) e un acido grasso a media catena (monolaurina) nella 

dieta post-svezzamento dei suinetti, sulle loro performance di crescita e su alcuni parametri di 

salute intestinale; 3) valutare gli effetti dell’acido laurico saponificato con il calcio, 

somministrato nella dieta delle scrofe a partire dalle ultime 3 settimane di gestazione, sulla 

produttività delle scrofe e sulle performance di accrescimento e sulla salute della prole; 4) 

valutare l'effetto degli acidi grassi a catena di diversa lunghezza e di diverse frazioni del latte 

bovino sulla proliferazione e vitalità della linea cellulare intestinale suina IPEC-J2. I dati 

presentati in questa tesi evidenziano come gli acidi grassi a corta e media catena siano dei 

candidati efficaci per migliorare la salute degli animali riducendo l’uso degli antibiotici. Ciò 

potrà contribuire allo sviluppo di un sistema di produzione zootecnica più sostenibile basato sul 

rispetto della salute degli animali e alla riduzione degli antimicrobici, come raccomandato 

dall’approccio “One health”. Ulteriori indagini sono comunque necessarie per approfondire 

maggiormente la conoscenza sui meccanismi d’azione, sul dosaggio e le forme di 

somministrazione degli acidi grassi a corta e media catena (singoli o in sinergia) integrati nelle 

diete dei suini, in particolare nel periodo dello svezzamento, per migliorarne ulteriormente le 

performance di crescita e la salute intestinale.   
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1.1 ANTIBIOTICS IN LIVESTOCK PRODUCTION  

 

Our diets and food production systems have changed dramatically over the past decades and 

the way antibiotics are used every day is closely linked to these changes. Population growth 

and changing food preferences are largely driven by economic growth and urbanization. The 

consequence is an exponential increase in the demand for food of animal origin (Alexandratos 

and Bruinsma, 2012). The increase in production, particularly in swine, poultry and cattle 

farming, has been achieved largely through intensification: increasingly large, highly 

specialized farms, geographically disconnected from the land that produces their feed, 

containing high densities of animals genetically homogeneous and highly selected for 

production traits. As reported by Van Boeckel et al., (2015), intensive livestock farming has 

been and still is dependent on antibiotics for growth promotion, prevention and disease 

treatment. Therefore, these structural changes result in a considerable increase in the use of 

antibiotics. The authors also predicted that antibiotic use will double in fast-growing economies 

such as Brazil, Russia, India, China and South Africa by 2030. 

Livestock production sits at the nexus of three global public goods: (1) health and nutrition; 

(2) climate and natural resource use; and (3) equity and growth. Each of these domains includes 

both positive and negative consequences on livestock sector growth (Food and Agriculture 

Organization, 2009). Antibiotic resistance epitomizes the issues around this nexus with 

dramatic impacts on health, equity and the environment. There is growing consensus that 

antibiotic use in livestock production is linked to antibiotic resistant human infections based on 

the evidence available from either whole-genome sequencing and phylogenetic or natural 

experiments involving the introduction or withdrawal of antibiotics from livestock production 

systems (Robinson et al., 2016).  

Antibiotics were first studied in the late 1800s and it was in the early 1900s that penicillin 

was first discovered (Abraham and Chain, 1940). Since the application of penicillin in the 1940s, 

antibiotics have played an important role in the prevention, control, and treatment of infectious 

diseases both in humans and animals. In the animal production field, the benefits of using 

antimicrobials as growth promoters (AGPs) was firstly reported to promote growth in poultry 

in a study conducted by Moore et al., (1946) and subsequently in pigs (Jukes et al., 1950). Since 

then, antibiotics have been routinely used in animal production as AGPs and for disease 

prevention, reducing mortality and morbidity (Dibner and Richards, 2005). Typically, the 
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antibiotic is distributed to animals through the feed, as it is more efficient and less expensive to 

medicate entire groups than individual treatments.  

The problem of antibiotic resistance has emerged because many of the antibiotics used in 

livestock are identical, or closely resemble to the drugs used in humans. Moreover, and 

unfortunately, continuous long-term exposure of gut commensals and pathogens to low-dose 

antibiotics in animals has been linked to the increased emergence of antibiotic-resistant 

pathogens (Lhermie et al., 2016).  

 

1.2 THE ANTIBIOTIC RESISTANCE ISSUE AND THE “ONE 

HEALTH” APPROACH 

 

Munita and colleagues (2016) deeply studied the mechanisms that regulate the development of 

bacteria antibiotic resistance. It is an inevitable and natural phenomenon for bacteria to develop 

resistance against antibiotics, but this is exacerbated by their inappropriate use. This, in turn, 

leads to treatment failure with detrimental effects on the health of both people and livestock, 

and on farmers’ livelihoods. In fact, bacteria have a notable genetic plasticity that allows them 

to respond to a wide array of environmental threats, including the presence of antimicrobials. 

Bacterial cells derived from a susceptible population are able to develop gene mutations that 

negatively affect drug activity, causing cell survival in the presence of antimicrobial molecules 

(Munita et al., 2016).  

According to O’Neill (2016), although the global burden of antibiotic resistance in livestock 

has not been estimated, 700.000 human deaths in 2010 have been linked to antimicrobial 

resistance (AMR) and this is projected to increase dramatically if no action is taken (O’Neill, 

2016). The proportion attributable to bacterial infections is not distinguished but it is certainly 

considerable and is growing rapidly. The use of antibiotics as growth promoters has thus been 

prohibited in many countries, with Sweden being the first to ban antibiotics in 1986. 

Subsequently, Denmark banned their use in 1998 and was followed by the European Union, 

which introduced a total ban in 2006 (Castanon, 2007).  

However, the prohibition on the subtherapeutic use of antibiotics in animal feed resulted in 

decreased animal production (Cheng et al., 2014) due to higher rates of infections in livestock 

and has also increased the risk of food‐borne infections in consumers (Hao et al., 2014). As a 
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result, ten years later, prophylactic antibiotics are still used at high levels in many countries to 

sustain animal health and welfare (Aarestrup, 2012; Callens et al., 2012). 

AMR is in rapid evolution and greatly affects the efficacy of antimicrobial treatment of 

patients infected with multi-drug resistant organisms. Therefore, AMR is currently considered 

to be one of the major public health threats for the near future. Suffice it to say that in 2016 a 

colistin-resistant, plasmid-mediated gene (MCR-1) was discovered in commensal Escherichia 

coli from pigs, pork meat products and humans in China (Rhouma et al., 2016). His discovery 

sparked global concern. In fact, colistin is considered an antibiotic of last resort that is one of 

the only antibiotics active in severe infections caused by multidrug-resistant pathogens such as 

Pseudomonas aeruginosa, Acinetobacter baumannii and Enterobacteriacee (Catry et al., 2015).  

Measures are needed worldwide to reduce the use of antimicrobials. In the last few decades, 

a new approach defined as “One Health” has been adopted. This concept recognizes that the 

health of people is connected to the health of animals and the environment. Physicians, 

veterinarians, ecologists, and many others have been working together to monitor public health 

threats and to learn about how diseases spreads. Thus, it is crucial to find a way to improve 

livestock health and welfare, to decrease antimicrobial use and to produce safe products in a 

sustainable way. Consequently, the research and development of innovative strategies is 

essential for improving animal health by reducing antimicrobial residues and antibiotic- 

resistant microorganisms and ensuring consumer health (Cheng et al., 2014). 

 

1.3 ANTIBIOTIC USE IN PIG FARMING 

 

Generally, antibiotics are used in pig farming in three main ways: 1) as growth promoters, 2) 

as prophylactic or metaphylactic treatment to prevent disease and 3) for therapeutic purposes 

to treat disease.  

Traditionally, the use of the AGPs has been the most controversial because it has involved 

adding antibiotics to pig feeds that belong to the same chemical family as antibiotics that are 

valuable or critical in the treatment of human infections. Unfortunately, the AGPs treatment 

regimen created the ideal situation for the selection of antibiotic-resistant bacteria and the 

spread of antibiotic-resistance genes among enteric bacteria in the pig's intestinal tract. Feed 

companies used to prepare AGPs medicated feeds on instructions from farmers, and there has 

been often no veterinary supervision over their use. As mentioned above, for these reasons, the 
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use of AGPs was banned by the EU in 2006 (some had been removed from the market before 

then) and many other countries have also significantly restricted AGPs (Maron et al., 2013). 

A wide range of antibiotics are used therapeutically in pigs. Pigs can be dosed individually 

orally or by injection, although the antibiotic is usually included in the feeding. The 

effectiveness of the latter can be questioned, as the farmer cannot guarantee that every pig 

receives the appropriate dose of antibiotic and, of course, sick animals often experience loss of 

appetite. The objective is that the medicated feed is only used when there is a threat of an 

outbreak of an infectious disease and is only used for a short period of time, perhaps 5–10 days. 

However, there is clearly the opportunity to use these medicated feeds repeatedly during one 

cycle of production or to use them for extended periods of time. However, in most countries, 

as in Italy, medicated feed for prophylactic/metaphylactic use require a veterinary prescription.  

The fact that the purpose for antibiotic use is disease control means that an even wider range 

of antibiotics important in human medicine can be used in animal feeds. In a study by Callens 

et al., (2012) conducted in Belgium, where no guidelines for prudent use were implemented, it 

was reported that nearly half of the oral antibiotics administered were inadequate and that the 

antibiotics used included some important human antimicrobials such as colistin and amoxicillin. 

Furthermore, a systematic review concluded that oral use of antibiotics in animals increases the 

risk of antibiotic resistant Escherichia coli in treated pigs and by extension the risk of transfer 

of this resistance to humans (Burow et al., 2013).  

Although the use of antibiotics in pig farming is currently a primary topic, limited 

information is available on the real amounts of antimicrobials used in pigs. A study conducted 

in Denmark reported an increase in the use of tetracyclines between 2002 and 2008, but a 

decrease in the use of macrolides, sulfonamides-tri-metoprim, cephalosporins and 

fluoroquinolones (Vieira et al., 2011). Interestingly, Denmark also imposed restrictions on pig 

farmers using more than double the average amounts of antimicrobials (Alban et al., 2012). 

Estimates from the United States indicate that annual use is higher for chlortetracycline 

(533.973 kg) and tylosin (165.803 kg) (Apley et al., 2012) while Canadian data suggests 

penicillin (35%), tetracyclines (11%) and ceftiofur (8%) were the most frequently used 

antibiotics, based on reports from veterinarians (Glass-Kaalastra et al., 2012). Jordan and 

colleagues (2009) reported that in Australia few of the antibiotics used to control Escherichia 

coli were significant in human medicine, although ceftiofur was used in nearly 25% of the herds 

sampled.  

In general terms, in pig farming, antibiotics are commonly used in all the stages of pigs’ life, 

but during lactation and post-weaning periods above all. Callens et al., (2015) reported that 
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more than 80% of antibiotics is applied to pigs at less than ten weeks of age and other similar 

studies reported that weaners received the major amount of antibiotics (Jensen et al., 2012; 

Fertner et al., 2015).   

In nursery pigs, the removal of AGPs is causing several problems. In Sweden, mortality 

during the nursery period increased approximately 1.5 percentage units after the ban of AGPs, 

and total feed consumption from weaning to 25 kg increased by 2–3 kg. In addition, daily gain 

was reduced, resulting in animals requiring 5–6 days more to reach the target weight of 25–30 

kg. Moreover, omitting the AGPs from diets fed to newly weaned pigs in particular, does cause 

several problems resulting in reduced performance and increased morbidity. Thus, a total 

elimination of antibiotics may not be the best solution. Raising antibiotic-free pigs leads to 

challenges in maintaining similar health, production, performance and profitability as compared 

to conventionally raised pigs. Specifically, antibiotic-free challenges include (but are not 

limited), to increased risk of:  

• exposure to bacterial and viral pathogens within facilities; 

• disease stress;  

• body condition variability and days to market; 

• mortality; 

• reduced water intake and feed consumption;  

• higher costs for alternative treatments against disease.  

Moreover, pathogenic bacterial effects on lower gut integrity, associated with lack of antibiotic 

support, can lead to increased individual pig and farm population risks. 

In general terms, the best way to protect pigs in an antibiotic-free environment seems to be 

proactive management practices, namely: judicious use of vaccines, rigorous cleaning and 

biosecurity measures, and the implementation of nutritional strategies designed to strengthen 

the animal's natural immunity, especially in the most delicate phase of pig life, as weaning.  

 

1.4 “THE WEANING PROBLEM” 

 
Weaning pigs from the sow is one of the most stressful events in pig’s life. In fact, weaning 

imposes tremendous stress on piglets and is usually accompanied by marked changes in 

gastrointestinal physiology, immunology and microbiology (Pluske et al., 1997; Campbell et 

al., 2013). Owing to these changes, the period following weaning is characterized by a high 

incidence of intestinal disturbances with diarrhea (PWD) and depression of growth 
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performance. Poor growth performance associated with weaning is a result of multi-factorial 

stressors, including environmental, nutritional and psychological stressors (Williams, 2003). In 

fact, at weaning, pigs have to deal with the abrupt interruption in the established social 

interaction with sow and littermates, and the stress of adapting to a new environment (Lalles et 

al., 2007). In addition, the piglet has to cope with the sudden withdrawal of sow milk and adapt 

to less digestible, plant-based dry diets containing complex protein and carbohydrate including 

various antinutritional factors (Lalles et al., 2007). Hence, piglets have a sharp reduction in feed 

intake immediately after weaning (Pluske et al., 1997). While approximately 50% of weaned 

pigs consume their first feed within 24-h post-weaning, in approximately 10% weaning 

anorexia persists for up to 48-h (Brooks et al., 2001). Antibiotics and minerals, especially zinc 

oxide (ZnO) and copper sulfate (CuSO4), are often included in the diets of weaning pigs to 

control post-weaning PWD and optimize growth performance. However, in addition to the ban 

on antibiotics as growth promoters, a reduction in the use of CuSO4 and ZnO is also foreseen 

due to environmental pollution caused by their marked presence in pig manure (Verstegen and 

Williams, 2002; Jondreville et al., 2003).  

Technological improvements in housing, nutrition, health, and management have been used 

to minimize some of the adverse effects of weaning stress, but a greater understanding of the 

biological impact of stress is needed to improve strategies to overcome weaning stress 

(Campbell et al., 2013).  

 

1.4.1 Feed intake and weaning 

 

When the piglet is weaned, it must suddenly adapt from highly digestible and palatable liquid 

milk from its mother to a solid dry diet that is less digestible and palatable. As a consequence, 

feed intake is usually initially reduced after weaning. As reviewed by Le Dividich and Sève 

(2000), the extent and duration of reduced feed intake are variable. It is estimated that by the 

end of the first week post-weaning, metabolizable energy (ME) intake is about 60-70% of pre-

weaning milk intake and that it takes approximately 2week post-weaning to achieve full 

recovery to the pre-weaning ME intake level. In a study conducted by Spreeuwenberg et al., 

(2001), was evaluated the relationship between low feed intake with different diet compositions 

(lactose/protein ratios) and small intestinal barrier function. They reported that during the first 

4 days post-weaning, that diet composition was not as important a factor to maintain intestinal 

barrier function; but that continued low feed intake was more important to predispose the pig 

to intestinal barrier dysfunction. The direct consequence of a lower feed intake is a reduction 
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in growth performance. In general, pigs lose about 100–250 g body weight (BW) the first day 

after weaning, regardless of weaning age and recover this loss in BW by about 4 days post-

weaning (LeDividich and Sève, 2000). Tokach et al., (1992) reported that weight gain in the 

first week after weaning has an impact on total days to market (at approximately 110 kg body 

weight). When pigs gained more than 227 g/day during the first week after weaning, the days 

to market were shortened by approximately 6-10 days compared to pigs gaining 0 g/day to 150 

g/day the first week. Therefore, it is important that pigs eat and grow as soon as possible after 

weaning.  

 

1.4.2 Intestinal structure and functional changes at weaning  

 

Along with experiencing low feed intake, weaned pigs experience physiological changes in 

structure and function (enzyme activities and absorption or secretion) of the intestine. These 

physiological changes affect the small intestine absorbs capacity, which can likely influence 

feed efficiency (Pluske et al., 1997). Pluske et al., (1997) and Boudry et al., (2004) reported 

that weaning induces both acute and long-lasting structural and functional changes in the small 

intestine, including shortening of the villi (villous atrophy) and an increase in crypt depth (crypt 

elongation). The decrease in villous height continued until about 5 days after weaning, when 

the villi were approximately only half of the initial height. Crypt elongation was also evaluated 

with slower changes occurring over the first 11 days post-weaning. After weaning, pigs also 

experience reduced brush border digestive enzyme activities, as highlighted by Pluske et al., 

(1997). Accordingly, Lalles et al., (2004) reported reductions in lactase and amino-peptidase 

activity from 2 to 15 post-weaning days, while maltase was reduced for 2 days post-weaning, 

then increased from 8 to 15 post-weaning days. In addition, pancreatic secretions had a transient 

decrease to 15 days after weaning, before trypsin and amylase activity began to increase. 

Alkaline phosphatase, an enzyme that plays a role in detoxification of pathogenic bacterial 

lipopolysaccharide endotoxin and impacts intestinal inflammation (Lalles, 2010), is also 

reduced in early weaned pigs (Lackeyram et al., 2010). These alterations can impact the ability 

of the small intestine’ s digestive, absorptive, and secretory capacity and ultimately the 

intestinal barrier function, which may contribute to PWD. 
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1.4.3 Intestinal inflammation associated with weaning 

 

Beyond the compromised digestive and absorptive capacity, consequences associated with 

weaning also induce a negative effect on intestinal barrier function (Spreeuwenberg et al., 2001; 

Boudry et al., 2004; Moeser et al., 2007). The epithelial layer of the intestinal lumen represents 

the body’ s first line of defense for protecting the pig from various harmful pathogens, toxins, 

or antigens that reside within the lumen of the small intestine. When the intestinal barrier is 

disrupted, the result is increased permeability that allows toxins, bacteria, or feed-associated 

antigens to cross the epithelium, resulting in inflammation, malabsorption, diarrhea, and 

reduced growth and production. In a study conducted by Nabuurs et al., (1994) was evaluated 

the effects of weaning and Escherichia coli infection on the absorption capacity of the small 

intestine of pigs. Pigs were either weaned at 30 to 32 days of age or unweaned by remaining 

with the sow, while Escherichia coli infection consisted of infecting segments of the small 

intestine using perfusion procedures.  The results of the study allowed the authors to conclude 

that after weaning the net absorption of fluid and electrolytes is temporarily decreased which 

may contribute to PWD. 

Studies conducted at North Carolina State University have investigated the effects of stress-

induced intestinal damage associated with a weaning stress model. Moeser et al., (2007) 

evaluated intestinal dysfunction in 19 days old weaned pigs compared to unweaned pigs. 

Twenty–four hours after weaning, the pig’s intestinal barrier function was evaluated for 

secretory activity by transepithelial resistance (TER) and intestinal permeability by paracellular 

mannitol flux in the jejunum and colon. In both the jejunum and colon, weaned pigs had greater 

secretory activity and intestinal permeability than unweaned pigs. This research was in 

agreement with the work of Boudry et al., (2004), who demonstrated a transient reduction in 

jejunal TER, but not in the colon. Moeser et al., (2007) also evaluated stress hormones and 

intestinal barrier function over 7 days post-weaning. They reported increased serum 

corticotrophin releasing factor (CRF) and cortisol in weaned pigs, indicating that weaning 

induces activation of the stress pathways which may be mediating the intestinal dysfunction. 

Finally, Smith et al., (2010) utilizing the weaning stress model evaluated the effects of early 

weaning stress on intestinal barrier function and intestinal health. Pigs from 5 different weaning 

ages (15, 18, 21, 23, and 28 days of age) were utilized. At 35 days of age, all pigs were evaluated 

for secretory activity and intestinal permeability in the jejunum. The results indicate that as 

weaning age was incrementally increased, improvements in intestinal barrier function were 

observed, as indicated by improved TER and lower permeability, as measured by mannitol and 
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inulin flux. To evaluate if the intestinal dysfunction was sustained, 15 or 28 days old weaned 

pigs were evaluated after 9 weeks of age. The results were similar to previous observations; 

earlier weaned pigs had a reduced TER and increased permeability. Thus, the research 

demonstrated that the stress resulting from weaning induces a breakdown in intestinal barrier 

function associated with increased permeability and mucosal inflammation and that weaning 

age can impact present and future mucosal barrier function of piglets (Moeser et al., 2007; 

Smith et al., 2010).  

Other immunological responses that occur during the weaning process are alterations in pro-

inflammatory cytokines. Pro-inflammatory cytokines have an influence on intestinal integrity 

and epithelial function as it relates to permeability and transport of nutrients (McKay and Baird, 

1999). Pié et al., (2004) evaluated gene expression of pro-inflammatory cytokines such as IL-

1β, IL-6, and TNF-α during the weaning process. The research demonstrated that weaning is 

associated with an up regulation of pro-inflammatory cytokines. Pié et al., (2004) also reported 

increased TNF-α expression initially by day 1 in the proximal and mid intestine followed by 

the distal small intestine and proximal colon from day 2 to 8. Thus, indicating that weaning is 

associated with an early up-regulation of genes of pro-inflammatory cytokines that may 

contribute to functional disorders, resulting in reduced subsequent performance and play a role 

in PWD. Regulation of metabolism may also be altered in response to weaning when 

inflammation associated with increased expression of pro-inflammatory cytokines occurs.  

Pro-inflammatory cytokines regulate both immune function and growth or metabolic 

processes (Johnson, 1997; Spurlock; 1997). Thus, weaning stress impacts both structural 

alterations and active immune responses. As reviewed by Burrin et al., (2003), the intestine is 

a major site for amino acid oxidation, net synthesis, and utilization of amino acids for protein 

synthesis. Alterations in amino acid metabolism occur after weaning (Montagne et al., 2007), 

which may impact protein synthesis and subsequent tissue deposition. Williams et al., (1997) 

demonstrated that when the immune system is activated, growth, feed intake, feed efficiency, 

and lean tissue deposition is reduced. Therefore, the reduction or mitigation of post-weaning 

stress and subsequent effects in the structural changes of the intestine and activation of the 

inflammatory immune response, is critical for improving swine performance from weaning to 

market.  
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1.5 GIT PHYSIOLOGICAL AND METABOLIC CHANGES 

AROUND WEANING 

 

The GIT of a pig is a very complex environment. In particular, the GIT of young pigs around 

the time of weaning undergoes rapid changes in size, protein turnover rates, microbiota mass 

and composition, and quick and marked alterations in digestive, absorptive, barrier and immune 

functions (Pluske et al., 1997). Burrin and Stoll (2003) divided these changes into the acute 

phase, observed within the first 5-7 days after weaning, and the adaptive phase, which occurs 

after this (Fig. 2). The authors distinguished between the acute and adaptive phases based 

primarily on the changes in feed intake and the subsequent impacts that enteral (luminal) 

nutrition has on the GIT, considering it takes 7-14 days for weaned pigs to learn how to eat and 

resume a level of dry matter intake (at least) that is comparable to that during the pre-weaning 

period (Burrin and Stoll, 2003). 

 

 
Fig. 1 – Acute and adaptive phases in development of weaned pigs, after Burrin and Stroll, 2003. 

 
If the GIT is deficient in macronutrients, micronutrients and energy, then its health, 

development and any subsequent recovery in the adaptive phase will be impaired. As seen, the 

GIT plays a key role in achieving growth performance. For this reason, it is important to 

underline the effect of weaning on the different part of the GIT as was excellently done, in the 

review by Heo et al., in 2013. 

 

 

 

Consequences for the removal of AGPs include a
reduction of livability, a decrease in body weight, a
decrease in feed conversion efficiency, less uniformity
(i.e., more variation within a pen of pigs) and increased
use of therapeutic antibiotics. To improve the producti-
vity, health and welfare of pigs in the post-weaning
period, it is necessary to find combinations of feed ingre-
dients, either alone or in combination with feed addi-
tives acceptable for use, that are effective in ameliorating
the post-weaning growth check and reducing the inci-
dence and severity of digestive problems frequently
encountered. In this regard, a better understanding of
the mechanisms whereby antibiotics influence animal
physiology, as well as appropriate use of disease models
and in vitro techniques, will lead to the development of
alternatives to current antimicrobial compounds. Given
the considerable advances already made in the under-
standing of intestinal nutrient utilization and metabolism,
de Lange et al. [13] commented that a complimentary
goal in nutrition might be to formulate young pig diets
with the specific task of optimizing the growth, function
and health of the GIT, for example addressing the protein/
amino acid content of diets, minimal buffering capacity,
minimal content of anti-nutritional factors, and supply of
beneficial compounds, for example, growth factors and
immunoglobulins. The optimum dietary level and type of
fiber will also vary according to the nature of enteric
disease challenges, ingredient supply and cost, and the
production objectives [13].
A large and continuously growing body of research

exists evaluating the impact of a wide range of feed
ingredients and feed additives on various aspects of GIT
health and development in pigs. This cannot be reiter-
ated to any great detail in this paper, but rather, the aim
of this paper is to briefly summarize the main issues
interrelating the GIT after weaning to health and devel-
opment, a brief description of feed additives, and then a

specific exploration of post-weaning diarrhea in relation
to feedstuffs and feed additives.

The gastrointestinal tract (GIT) after weaning and
its relationship to health and development
The GIT of a pig is a very complex environment, with the
GIT of young pigs around the time of weaning undergoing
rapid changes in size, protein turnover rates, microbiota
mass and composition, and quick and marked alterations
in digestive, absorptive, barrier and immune functions
[1,14-17]. Burrin and Stoll [14] divided these changes into
the acute phase, observed within the first 5–7 days after
weaning, and the adaptive phase, which occurs after this
(Figure 1). These workers distinguish between the acute
and adaptive phases based primarily on the changes
in feed intake and the subsequent impacts that enteral
(luminal) nutrition has on the GIT, because it takes
7–14 days for weaned pigs to learn how to eat and resume
a level of dry matter intake (at least) that is comparable to
that during the pre-weaning period [1]. If the GIT is defi-
cient in macronutrients, micronutrients and energy, then
its health, development and any subsequent recovery in
the adaptive phase will be impaired.
As stated by de Lange et al. [13], it is naïve to suggest

that given these complexities and rapid changes after
weaning, a limited number of feed additives can be
effective in stimulating gut development and health in
different groups of pigs that are managed under wide
ranging conditions of housing, management, feeding and
health status. This emphasizes the need to explore un-
derlying mechanisms when evaluating the functional
properties of feed ingredients and feed additives, so that
we may better understand under what conditions we can
achieve the optimal response to dietary interventions.
Key aspects of gut functionality that should be con-
sidered include digestive capacity (activity of pancreatic
and brush-border enzymes), absorptive capacity, chemical

Figure 1 The acute and adaptive phases in development of early-weaned pigs [14].

Pluske Journal of Animal Science and Biotechnology 2013, 4:1 Page 2 of 7
http://www.jasbsci.com/content/4/1/1
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1.5.1 Stomach 

 
As studied by Barrow et al., (1977) in the past, and more recently by Zhang and Xu (2003), the 

functions of the stomach include feed mixing, partial digestion of feed and serving as a barrier 

against the external environment. Considering that the optimal pH for dietary protein digestion 

in the stomach is 3.0 (Proha´szka and Baron, 1980), to achieve the digestive function, the 

stomach is endowed with acid (hydrochloric acid (HCl)) secreting cells that help to keep its pH 

low (Yen, 2000) because a lower pH is required for conversion of the gastric zymogens into 

active enzymes (Khan et al., 1999). Neonatal pigs have a rather high gastric pH (5.0 to 6.0) 

facilitated by the strong buffering capacity of colostrum and milk. This might appear 

contradictory to the above, but there is a reason. A more tolerant gastric pH allows passage of 

ingested environmental bacteria (not all of them are pathogens, after all) from the stomach to 

the small and large intestine for the establishment of normal gastrointestinal microbiota. This 

is considered essential and even beneficial for the animal's long-term health, as in this way, a 

healthy and diverse microbiota can develop in the gut. Usually, the predominant beneficial 

bacteria in the stomach are lacto- and bifido-bacteria, whereas in the intestine there is a mix of 

bacteria. Nevertheless, after the first few hours of suckling, gastric pH drops to about 4 to 

remain there until weaning, and in most cases, during the first three to four weeks post-weaning. 

Callegari and colleagues (2015) found that at 63 days of life (40 days post-weaning) the pH of 

the stomach of piglets that had received a basal diet without any supplement, was on average 

4.39. In fact, weaning pigs have a limited ability to secrete HCl, which may result in higher 

gastric pH (Efird et al., 1982). It is only after about 3 weeks post-weaning that gastric pH drops 

gradually until it reaches mature levels (2 to 3) (Roth, 2000; Callegari et al., 2015). Exposure 

to low pH values (i.e. 3.0–4.0) is bactericidal for many pathogenic bacteria, including 

Escherichia coli (Yen, 2000). Hence, in addition to its influence on nutrient digestion, 

maintenance of a low gastric pH value is essential for a healthy gut because this can help to 

reduce the passage of pathogenic bacteria into the small intestine.  

Weaning also reduces gastric motility. This was demonstrated by Snoeck et al., (2004) 

reporting a reduction in the stomach emptying rate in pigs on 3 and 14 days after weaning, 

compared with suckling pigs. Given the high gastric pH that is usually observed post-weaning, 

gastric stasis may contribute to the development of PWD in piglets by allowing the proliferation 

of pathogens. In addition, it has been reported that a stress gene, corticotrophin-releasing factor 

receptor 2, whose activation has been implicated in the inhibition of gastric motility (Martinez 

et al., 2004), is up-regulated in the jejunum of weaned pigs (Moeser et al., 2007). Although 
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corticotrophin-releasing factor receptor 2 is yet to be identified in the stomach of the weaned 

pig, the finding of Moeser et al. (2007) suggested that changes in gastric emptying rate could 

be modulated by intestinal feedback (Boudry et al., 2004a; Lalles et al., 2007). Other factors 

that can be involved in gastric emptying rate are feed intake and composition of the diet (Lalles 

et al., 2007). For example, switching pigs abruptly from a milk-based diet to a wheat-based diet 

at 5 weeks after weaning resulted in a transient increase in the gastric emptying rate (Boudry et 

al., 2004a). 

 

1.5.2 Small intestine 

 

The small intestine performs many physiological functions, the most important of which is 

certainly the digestion of nutrients as well as the secretion and absorption of liquids and 

electrolytes. Similarly, as has already been mentioned, significant changes in the structure and 

function of the small intestine are known to occur in the immediate post-weaning period (Pluske 

et al., 1997; Hopwood and Hampson, 2003; Heo et al., 2013).  

The epithelial lining of the small intestine has finger-like projections known as villi, which 

help to increase its surface area for digestion and absorption processes (Zhang and Xu, 2003). 

In addition, the mucosal surface of the small intestine has tubular glands that open into the 

intestinal lumen at the base of the villi, known as crypts. Crypts contain epithelial stem cells 

required for repopulation of epithelial cells (Zhang and Xu, 2003; Llyod and Gabe, 2008). For 

optimal function of the small intestine, longer villi are desirable. However, there is a period of 

transient villous atrophy and crypt hyperplasia after weaning, and post-weaning anorexia has 

been suggested to be the main aetiological factor in these changes, as energy intake after 

weaning is positively related to the small intestinal architecture (Pluske et al., 1997). In an old 

work by McCracken et al., (1999), is reported that weaning anorexia is correlated with crypts 

hypertrophy and local inflammatory responses: reduced feed intake but not diet composition 

compromised epithelial architecture in jejunum of pigs fed a diet based on soybean meal 

compared with those fed a milk replacer. In general, it is rather difficult to compare data on 

intestinal morphology from different experiments because of differences in the age, breed, diets 

and experimental conditions and also because there are no known standards for villus heigh and 

crypt depth measurements. Collectively, it is evident that maintaining energy intake and 

reducing weaning stress are important factors for maintaining the integrity of the small 

intestinal structure immediately after weaning (Pluske et al., 1997; Moeser et al., 2007). 
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The brush-border surface of enterocytes performs digestive actions in the small intestine. 

Enterocytes account for approximately 90% and 95% of the epithelial cells in the crypt and 

villus, respectively, and they are responsible for releasing digestive enzymes. These enzymes 

are mainly mucosa-based and can be easily distinguished from pancreatic enzymes that act 

mainly on the luminal content of the intestine (Adeola and King, 2006). Activities of the brush-

border enzymes in weaned pigs have been used as indicators of maturation and digestive 

capacity of the small intestine since 1985 (Henning, 1985). A reduction in lactase activity is 

usually observed after weaning, and this is partly related to ontogenic decline in brush-border 

lactase activity (Kelly et al., 1991a; Motohashi et al., 1997). However, there is a lack of 

consistency in the literature as to the effect of weaning on the activities of other brush-border 

disaccharidases. For example, weaning caused an increase in the activity of sucrase, maltase 

and glycoamylase during the first week after weaning, as reported in the study of Kelly et al., 

(1991b). On the contrary, Hedemann and Jensen (2004) highlighted a decrease in sucrase and 

maltase activities. Discrepancies between studies are probably a result of multiple variations 

such as experimental design, experimental diets, age of the animals, analytical and statistical 

methodologies and days post-weaning at which measurements were taken.  

Starvation owing to anorexia and the presence of immature enterocytes owing to villous 

atrophy could play a role in the decline in brush-border peptidase activities around weaning 

(Hedemann et al., 2003). In studies where transient reductions in brush border enzyme activities 

have been reported, enzyme activities reached minimum levels between 3- and 5-days post-

weaning and increased gradually thereafter. The increase in brush-border enzyme activities 

after the first 5 days post-weaning is probably due to an increase in substrate availability as 

daily feed intake increases (Pluske et al., 1997).  

Secretion of fluids and electrolytes from crypt cells and nutrients absorption from the 

intestinal lumen are part of the primary functions of the small intestine (Pa´cha, 2000; Xu, 2003). 

Small intestinal secretion is a natural physiological phenomenon and is essential for nutrient 

digestion and absorption. However, a net secretory condition occurs when fluids and 

electrolytes influx into the gut lumen exceeds its efflux into the blood, and this may serve as a 

predisposing factor for PWD (Pa´cha, 2000; Wapnir and Teichberg, 2002).  

Changes in the absorptive and secretory function of the small intestine after weaning are 

segment dependent. For example, Boudry et al., (2004a) reported an increase in Na+-dependent 

glucose absorption in the jejunum of weaned pigs, but the opposite occurred in the ileum. 

Likewise, basal short-circuit current, which is a measure of ion transport, was increased in the 

jejunum. The authors, however, called for caution in the interpretation of increased jejunal 
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absorptive capacity as this was accompanied by villous atrophy and decreased enzymatic 

activities in the jejunum. Hence, the increased jejunal absorptive capacity might have little or 

no biological significance. The low ileal absorptive capacity shortly after weaning, could 

contribute to high incidences of osmotic diarrhea in piglets by increasing the amount of 

nutrients in the hindgut. 

1.5.3 Large intestine 

 
The three components of the large intestine are the caecum, colon and rectum. Physiological 

functions of the large intestine of the pigs include fluids and electrolyte absorption, and 

provision of a physical barrier against microbial invasion (Williams et al., 2001; Zhang and Xu, 

2003). Hence, alteration in these functions may play a role in physio-pathogenesis of post-

weaning intestinal problems.  

The mucosal surface of the large intestine is lined with crypts, but unlike the small intestine, 

it lacks villi. Weaning decreased the crypt density and increased the mitotic index in the caecum 

of piglets (Castillo et al., 2007). Weaning also caused a transient reduction in the absorption 

capacity of the colon as indicated by basal short-circuit current at 2 days after weaning (Boudry 

et al., 2004b). It has been documented that excessive fluid loss in the small intestine will only 

result in PWD when the absorption capacity of the large intestine is exceeded. Based on the 

available data, it appears that a combination of alteration in the structure and absorptive function 

of the large intestine could contribute to the increased incidence of PWD in piglets (Hopwood 

and Hampson, 2003). Nabuurs (1998) reported that simulated halving of the absorption capacity 

of the large intestine increased the adverse effects of the activity of ETEC in the small intestine 

of piglets. Future research should investigate changes in absorption capacity of the large 

intestine in piglets after weaning. 

1.6 GUT HEALTH 

 
As shown above, the optimal gastrointestinal function is of prime importance for sustainable 

animal production, especially at weaning. The efficiency of the GIT and its health are important 

factors in determining animal performance (Celi et al., 2017). Over the last few decades, the 

adoption of genetic selection for high growth and reproductive traits, the implementation of 

advanced husbandry techniques (vaccination, hygiene, housing, transport, management, etc.), 

better understanding in digestive physiology and dietary requirements of farmed animals, has 
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led to significant gains in productive performance. In this regard, the crucial question that 

animal scientists have asked themselves was: “Has the performance of farm animals reached 

their genetic / physiological limits?”.  

It is within this context that the concept of “gut health” has begun to attract significant 

interest within the animal science community (Kogut and Arsenault, 2016). However, while 

gut health is an increasingly important topic in animal nutrition, a clear scientific definition is 

still lacking, although it has been used repeatedly in animal health (Kogut and Arsenault, 2016). 

A clear definition of gastrointestinal health and functionality and how it can be measured is 

required to monitor animal health and to evaluate the effects of any nutritional intervention on 

animal performance. While in human medicine, gut health is often associated with the “absence 

of clinical diseases”, this definition cannot be applied to farm animals as it is well known that 

animal performance can be impaired without any clinical signs of diseases.  

Several publications have summarized timely information regarding the definition of “gut 

health” (Bischoff, 2011; Pluske, 2013; Kogut and Arsenault, 2016; Adewole et al., 2016; Celi 

et al., 2017; Moeser et al., 2017; Jayareman and Nyachoti, 2017). Kogut and Arsenault (2016) 

defined a healthy gut as the “absence/prevention/avoidance of disease so that the animal is able 

to perform its physiological functions in order to withstand exogenous and endogenous 

stressors”. In a recent publication of Pluske et al., 2018, whilst not disagreeing with Bischoff 

definition, stated that gut health should be more general and can be described as a generalized 

condition of homeostasis in the GIT. In accordance with the World Health Organization (WHO) 

definition of “health” from 1948 (cited by Bischoff, 2011), which proposed a positive definition 

instead of “the absence of diseases”. In this regard, Bischoff (2011) also commented that “gut 

health” is “a state of physical and mental well-being in the absence of GI (gastrointestinal) 

complaints that require the consultation of a doctor, in the absence of indications of risks for 

bowel disease and in the absence of confirmed bowel disease”. This clearly refers to human 

health. However, Bischoff (2011) also argued that although the WHO has defined health as 

being more than just the absence of disease, the prevention or avoidance of GIT disease forms 

an integral part of our understanding of the general issue. Bischoff (2011) then further defined 

5 major criteria that could form the basis of an overarching definition of gut health: 1) effective 

digestion and absorption of food, 2) absence of GIT illness, 3) normal and stable intestinal 

microbiota, 4) effective immune status, and 5) general status of well-being. Similarly, Celi et 

al., (2017) remarked that the key components of GIT functionality are diet, effective structure 

and function of the gastrointestinal barrier, host interaction with the gastrointestinal microbiota, 

effective digestion and absorption of feed, and effective immune status.  
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Fig. 2 - Main components contributing to animals’ gastrointestinal functionality (adapted from Celi et al., 2017). 

 

However, and although correct, the functions of the GIT extend beyond the processes 

associated with feed intake, digestion, and the subsequent active or passive absorption and 

barrier function. In fact, the GIT also plays an important role in the regulation of epithelial and 

immune systems of vital importance for normal biological functioning and homeostasis in both 

the GIT and the body. The association between the enteric nervous system (ENS) and the higher 

centers, via the parasympathetic nervous system and/or endocrine system, also plays a major 

role in animal well-being, health, and structure and function of the GIT (Moeser et al., 2017).  
Regarding pigs’ gut health, these definitions typically associate gut health with pathogens 

that cause, either clinically or sub clinically illness, mortality and (or) morbidity to pigs, and 

subsequent economic losses. However, and in agreement with the definition of Bischoff (2011), 

Pluske et al., (2018) proposed that gut health in pigs can be compromised even in the absence 

of any over disease(s) in the GIT. The low feed intake after weaning means a lack of nutrition, 

and stressors and challenges associated with weaning also cause changes to the structure and 

function of the GIT (Pluske et al., 1997; Kim et al., 2012, Celi et al., 2017; Moeser et al., 2017). 

As already seen, the immediate post-weaning period in pigs not only causes marked structural 

and functional changes to the small intestine (Pluske et al., 1996a, b), but also contributes to an 

intestinal inflammatory status that in turn compromises villus-crypt architecture (Pié et al., 



 26 

2004), GIT barrier function (Camilleri et al., 2012; Kim et al., 2012; Moeser et al., 2017; 

Wijtten et al., 2011), and disruption of the microbiota (Fouhse et al., 2016; Gresse et al., 2017; 

Schachtschneider et al., 2013). 

 

1.6.1 Microbiota of the gastrointestinal tract: implications for gut health 

 

The general features of the GIT microbiota are well known. It is also evident that a myriad of 

factors influences the diversity and activity of the GIT microbiota, including: colonization and 

associated succession of microbial populations, the age of the pig and the environment it 

inhabits, antimicrobial agents, dietary composition, feed additives, feed processing, feeding 

methods, disease load, weaning, season, environment, stress and genetics. Furthermore, the 

intestinal microbiota represents a compromise between helpful barrier functionality, synthesis 

of beneficial nutrients and proteins and improved energy harvest from dietary components with 

low inherent potential, and the deleterious effects of inflammation and sub-clinical (and clinical) 

pathologies (Celi et al., 2017). As expected, there is a varied assemblage of bacteria that 

diverges in population density and diversity in different compartments of the GIT and at 

different stages in the life of a pig (Holman et al., 2017; Zhao et al., 2015). Additionally, the 

microbiota is intimately involved in cross talk between the enteric bacteria and the host, with 

the chemistry and distribution of bacterial binding sites on gut mucosal surfaces playing key 

roles in determining host and tissue susceptibility and in triggering host responses, especially 

in young animals (Kelly and King, 2001; Montagne et al., 2003; Celi et al., 2017).  

Some of the discussion with regard to the microbiota and gut health focusses simplistically 

to ‘good’ versus ‘bad’ bacteria and their impact on GIT structure and function. However, 

Hillman (2004) proposed that emphasis in relation to the composition and diversity of the GIT 

microbiota, should be placed on an optimal microbiota being present in the GIT, rather than a 

normal microbiota, because commensal and pathogenic co-exist normally, even in the absence 

of overt disease, for much of a pig's productive life. Hence, the presence or absence of a 

pathogenic organism may not necessarily predict that disease will occur unless numbers 

proliferate to such an extent to overwhelm the general microbial population in the GIT, or more 

specifically a specific region of the GIT (Hopwood et al., 2005). This will vary according to 

production sites (e.g., indoor or outdoor sites; Schmidt et al., 2011), genetics, diets and so on. 

In this respect, Hillman (2001) showed that lactobacilli having antipathogenic activity against 

pathogenic F4 Escherichia coli, were unevenly distributed across 19 Scottish pig farms, likely 

explaining variations seen in the efficacy of probiotics and other additives.  



 27 

The addition of an antimicrobial to the GIT where there is a population of bacteria already 

possessing a high indigenous antimicrobial activity, is likely to be less effective than adding it 

where there is a population that shows little or no pre-existing antimicrobial activity (Hillman, 

2001). The consistency of activity (e.g., across farms, across diets, across seasons) rather than 

the degree of activity of selected feed additives that modulate the GIT bacteria, that in turn may 

impact on gut health, is currently poorly understood with respect to the large number of 

antibiotic replacements/ alternatives on the market at present. Arguably, in this regard, a focus 

for gut health should be on supporting the animal to regulate shifts in the intestinal microbiota 

such that rapid population swings are avoided, and equilibrium can be maintained. 

1.6.2 Gut microbiota disruptions and post-weaning diarrhoea 

 
Amongst the physiological and GIT factors impacted by the weaning transition, microbiota 

disruption in the GIT is likely a key influence, usually leading to PWD.  

Most of the studies conducted during the weaning transition have reported a decrease in 

bacteria of the Lactobacillus spp. group and a loss of microbial diversity. On the other hand, 

Clostridium spp., Prevotella spp. or facultative anaerobes such as Proteobacteriaceae, 

including E. coli, were positively impacted (Gresse et al., 2017).  

The piglets' change from sows' milk to a solid diet of different composition and form 

undeniably plays a major role in the predisposition to diarrhea after weaning, both of microbial 

and dietary origin. Furthermore, in-feed and (or) in-water antibiotics also cause differences in 

the GIT microbiota at weaning due to their wide spectrum of activity and thus their potential 

ability to kill or prevent the growth of both pathogenic and beneficial microbes (Gresse et al., 

2017). The diversity of the microbiota may be even more decreased (Looft et al., 2012) with 

the extended use of AGPs, which can increase opportunities for pathogenic microorganisms to 

colonize and trigger diseases (Fouhse et al., 2016). In this regard, antimicrobial resistance is 

also key to any discussions pertaining to the use of antibiotics. Consequently, weaning under 

commercial conditions has been associated with a disrupted state of the microbiota, or dysbiosis 

(Lalles et al., 2007a). However, the precise underlying characteristics allowing the prediction 

of such a state are not completely clear.  

As alluded to previously, a feature of the GIT after weaning is an inflammatory response. 

Zeng et al., (2017) remarked that perturbations of the microbiota are commonly observed in 

diseases involving inflammation in the GIT, with the inflamed microenvironment being 

particularly conducive to overgrowth of Enterobacteriaceae, which acquire fitness benefits 



 28 

while other families of symbiotic bacteria succumb to environmental changes inflicted by 

inflammation. GIT inflammatory host-response mechanisms produce reactive species such as 

nitric oxide that, when released into the GIT lumen, is rapidly transformed into nitrate. This 

nitrate-rich environment confers growth advantages on some strains of E. coli, which possess 

nitrate reductase genes that are absent in species of Clostridia or Bacteroidia (Gresse et al., 

2017). A recent study conducted by Wei et al., (2017), reported an increased concentration of 

reactive oxygen species in the intestine coupled with an expansion of the E. coli population 7 

days after weaning. Consequently, there is much interest in the use of assessing antioxidant 

status (Buchet et al., 2017) and compounds (Zhu et al., 2012) mitigate this aspect of gut health. 

 

1.6.3 Disbiosis 

 

As underlined above, the structural and functional changes occurred at weaning in pigs’ gut, 

are correlated with alterations of the intestinal microbiota, which can predispose to the onset of 

enteric pathologies (Gresse et al., 2017).  

In pigs, the intestine is colonized at birth. E. coli and Streptococcus spp create an anaerobic 

environment that is colonized by bacteria, such as Bacteroides, Lactobacillus, Bifidobactrium 

and Clostridium, selected by the milk diet. At the time of weaning, with the transition to a diet 

based on cereals and often with a high protein content (not easily digestible in relation to the 

age of the animals), there is a net decrease in Lactobacillus and a loss of microbial diversity, 

while Clostridium spp., Prevotella spp., or facultative anaerobes, such as Proteobacteriaceae, 

increase.  

The loss of microbial diversity and the decrease in Lactobacillus, bacteria among the most 

important for maintaining the balance of the intestinal microbiota, increase the risk of onset of 

dysbiosis and infectious diseases. Gresse et al., (2017) hypothesized that the series of events 

leading to dysbiosis, although not fully understood, start from the lesser diversity of the 

intestinal microbiota, which makes the glycans, which make up the intestinal mucus, more 

available for pathogenic microorganisms. In fact, the degradation of mucus by commensal 

bacteria (such as Bacteroides) releases sugars such as fucose, galactose or mannose, used by 

potentially pathogenic species as E. coli or Salmonella spp. Intestinal inflammation, in turn, 

favors the development of Enterobacteriaceae. The nitric oxide produced by the inflamed tissue 

is transformed into nitrate in the intestinal lumen, favoring strains of E. coli compared to 

Clostridium or Bacteroides as the latter do not possess the nitrate reductase enzyme. Finally, 

the concentration of oxygen in the inflamed tissues (linked to the increased blood flow), can 
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favor facultative anaerobes, such as Enterobacteriaceae at the expense of strict anaerobes, 

leading to a further loss of bacterial diversity, and triggering a vicious circle that potentially 

causes enteric infection (Figure 3). 

 

 
Fig. 3 - Diagram of events related to the onset of dysbiosis in post-weaning pigs (from Gresse et al., 2017) 

 

1.6.3.1 Streptococcosis 

 
Streptococcosis is a disease that causes significant economic losses in the pig industry, due to 

limited but persistent mortality (especially at weaning), as well as from the formation of waste 

and increased health costs (Sala and Zavattini, 2018). The causative agent is Streptococcus suis, 

a gram-positive bacteria. Among the 35 serotypes identified on the basis of capsular 

polysaccharides (CPSs), serotypes 2 and 9 are the most frequently isolated from pigs affected 

by the disease; serotype 2 is also a zoonotic agent (Segura et al., 2017). The natural habitat of 

this pathogen in pigs, is the upper respiratory tract (tonsils and nasal cavities), the genitals, and 

the intestine. Adult pigs are often healthy carriers of Streptococcus suis. In fact, the incidence 

of the disease affects about 5% of carriers and, in the absence of treatment, mortality reaches 

20%. In most cases, the disease affects animals between 4 and 10 weeks of age, particularly 

after 10-15 post-weaning days. The concomitant presence of immunosuppressive viruses 

(PRRS and PCV2) can further complicate the situation.  
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The most frequent clinical manifestation is that related to meningitis, with the appearance of 

symptoms such as lethargy, hyperthermia, incoordination, atypical postures that result in 

decubitus, opisthotonos, pedaling, convulsions and nystagmus (Figure 4 and 5). Other 

symptoms are anorexia and lameness due to arthritis (Sala and Zavattini, 2018; Gottschalk, 

2012). 

 

 
Fig. 4 and 5 - Acute symptoms of Streptococcus suis infection during meningitis and arthritis  

(from Sala and Zavattini, 2018). 
 

The main route of transmission of Streptococcus suis occurs through the respiratory tract 

(oro-nasal). During farrowing, Streptococcus suis is transferred from sows’ vaginal secretions 

or saliva to the piglet's nasal cavity and colonizes the tonsils soon after birth. In post-weaning, 

transmission occurs by direct contact (nose-nose) or via saliva and blood (Segura et al., 2016). 

Practices of cutting teeth or tail, castration or tattooing are also possible routes of infection.  

It is generally accepted that the main route of penetration into the body is represented by the 

tonsils. In recent years, however, various evidences have shown that the GIT cannot be 

excluded as a secondary site of infection. Su et al., (2008) studied changes in the composition 

of the gut microbiota, with an emphasis on Lactobacillus spp. and Streptococcus suis, in the 

stomach, jejunum and ileus of piglets after weaning (21 days after farrowing). At 24 days, S. 

Suis predominated in digestive samples at the stomach, jejunum and ileus levels, with levels up 

to 107/g but in the stomach was not detectable before weaning. At the same time, the proportion 

of Lactobacillus was significantly decreased (see Table 1). 
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Tab. 1 - Quantitative real-time PCR analysis of total bacteria load, Lactobacilli, Lattobacillus sobrius and 

Streptococcus suis in stomach, jejunum and ileum content samples at 21 and 24 piglets post-weaning days 

(adapted Su et al., 2008). 

Pathogens Stomach Jejunum Ileum  
21d 24d 21d 24d 21d 24d 

Total bacterial load 5,40 7,95* 8,99 8,23 9,72 8,29* 
Lactobacillus 

Lactobacillus/bacteria (%) 
4,55 
14,13 

6,04* 
1,23 

8,11 
13,18 

5,60* 
0,23 

9,29 
37,15 

6,80* 
3,24 

L. sobrius 
Lactobacillus sobrius/bacteria (%) 

4,14 
5,50 

5,64* 
0,49 

7,12 
1,35 

5,05* 
0,07 

8,65 
8,51 

5,94* 
0,45 

S. suis 
S. suis/bacteria (%) 

< 4 
< 3,98 

7,36* 
25,70 

6,34 
0,22 

7,04 
6,49 

7,24 
0,33 

7,60 
20,42 

 

The results suggested that, in the immediate post-weaning, the defensive barrier of the 

stomach may not offer sufficient challenges to the propagation of Streptococcus suis, favoring 

an increase in concentration in the intestinal contents. Piglets with high intestinal concentrations 

of Streptococcus suis can be an important source of transmission within the herd and weaning 

groups, and strategies aimed at decreasing its concentration result in lower environmental 

pressure and lower probability of disease spread.  

In some in vitro studies, specific interactions between porcine intestinal epithelial cells and 

Streptococcus suis have been described, showing that this pathogen is able to translocate from 

the intestine and reach the bloodstream, colonize different tissues, and cause disease (Segura et 

al., 2016). Ferrando and Schultsz (2016) proposed a probable mechanism of S. suis infection 

via the intestinal mucosa. According to the authors, the translocation of the bacteria could take 

place in the small intestine, due to their abundance in post-weaning period. Colonization of the 

mucosa is mediated by adhesins (ApuA and SadP) which interact with cell receptors. In addition, 

ApuAs, by degrading α-glucans, allow bacteria to proliferate. Translocation through the 

epithelium can occur via the paracellular and / or transcellular route, favored by the production 

of enzymes that damage the intestinal barrier such as Suilisina (Sly). Once it reaches the 

subepithelial connective tissues, S. suis can enter the lymphatic and blood systems and reach 

the target organs as shown in Figure 6. 
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Fig. 6 – S. suis virulence factors and their role during adhesion and penetration of 

the intestinal epithelium (from Ferrando and Schultsz, 2016). 

 

The control and the prevention actions against S. suis have been, and still are, based mainly 

on the use of antibiotics. The antibiotics of first choice are β-lactams (e.g. Amoxicillin). 

However, this strategy has not actually changed the farm epidemiology of infections, instead 

determining a gradual selection of resistances, visible above all in the progressive increase in 

therapeutic dosages and administration times, which can last for several weeks after weaning 

(Sala and Zavattini, 2018). 

 

1.6.4 Barrier function and mucosal immune aspects of the GIT  

 

An integral issue when discussing gut health, interconnected to the effects of the microbiota 

and the host, is that of epithelial barrier function and the mucosal immune system (Pluske et al., 

2018).  

The mucosal immune system is continuously challenged by external (e.g., diet, aerosols) and 

internal (e.g., the microbiota) factors, hence numerous cell types such as dendritic cells, 

lymphocytes (adaptive immune system), macrophages and cytokines (innate immune system) 

have evolved to play important functions in the regulation of the communication between the 

GIT microbiota and its mucosal immune system. As described by Moeser et al., (2017), the 

intestinal epithelial cells act as immune sentinel cells by recognizing pathogenic signal 

molecules and secreting interleukins (IL) and growth factors (i.e., IL-17A, IL-33, IL-23 and 

transforming growth factor-b), which have important immunomodulatory properties. The 

resident immune cells and related gut-associated lymphoid tissue constitutes the largest 

immune organ in the body. Given the massive antigenic luminal environment and continual 
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exposure to luminal products, the GIT immune system is tightly regulated via a number of 

molecular mechanisms, to prevent excessive activation and inflammation in response to these 

factors.  

Conversely, the GIT immune system must also rapidly and strongly respond to any violation 

in barrier function or in the event of a pathogenic/antigenic challenge, to mobilize innate and 

adaptive immune responses, which is critical in preventing the systemic spread of infection and 

inflammation (Moeser et al., 2017; Pluske et al., 2018).  

As previously mentioned, the epithelial barrier function is impaired in the immediate post-

weaning period, where weaning results in a more permeable small intestine (Spreeuwenberg et 

al., 2001; Moeser et al., 2007; Pohl et al., 2017). Inflammation of the intestine is associated 

with increased permeability which can lead to the translocation of toxins, allergens, viruses or 

bacteria. If and when bacteria cross this first line of defense and reach the lamina propria, their 

metabolites or mediators released by the epithelial cells can provoke an inflammatory response, 

and in this case the measurement of pro-inflammatory cytokines provides some information on 

the degree of inflammation localization, as highlighted by Johnson (1997). Thus, weaning itself, 

and essentially the period of anorexia that occurs immediately after weaning, causes an 

inflammatory response (McCracken et al., 1999; Pie et al., 2004) that initiates perturbations to 

intestinal health. In this case, simply encouraging pigs to eat more feed after weaning helps 

improve these responses (Pluske et al., 1997).  

Moeser et al., (2017) provided a comprehensive review of the interactions and associations 

between weaning stress and GIT barrier development and function, with a discussion of the 

implications for lifelong gut health in pigs. In particular, the authors found that the concept of 

early origin of susceptibility to GIT disease in pigs is supported by paradigms in humans in 

which early adverse events (e.g., psychological trauma, inflammation, infections) are risk 

factors for GIT inflammatory and functional diseases later in life. Greater understanding and 

appreciation of how early childhood stressors and challenges, such as weaning, epithelial and 

immune are needed to discover new goals and (or) management interventions to promote 

optimal GIT development and long-term gut health. 

 

1.6.5 Correlation between intestinal inflammation and antioxidant status at weaning 

 

The stress associated with weaning represent a powerful pro-inflammatory stimulus, with very 

significant effects on the structure of the intestinal barrier.  
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Following weaning at 21 days, Hu et al., (2013) measured a production of pro-inflammatory 

cytokines, TNF-α, IL-6 and IFN-γ. These cytokines had a negative effect on the mRNA 

expression of tight junction proteins, Occludin, Claudin and on ZO-1, which in turn determines 

a negative impact on the permeability of the intestinal barrier, demonstrated by the decrease in 

transepithelial electrical resistance (TER) and an increase in the paracellular flow of dextran. 

At the same time, morphological changes were also detected in the intestinal villi (shortening) 

and in the crypts (in depth). After 14 days from weaning the intestinal morphology had 

normalized, unlike the alterations of the barrier, indicating the need for longer times for its 

functional restoration.  

In nature, weaning occurs between 10 and 12 weeks of age, when there is an almost complete 

maturation of the epithelium, nervous and immune systems of the intestine. Stressogenic and 

inflammatory stimuli during critical stages of maturation, such as those following early 

weaning, result in an imbalance that precludes developments, but also the long-term function 

of the intestinal system. In such situations, in fact, there is an early and persistent activation of 

the hypothalamus-pituitary-adrenal axis, which is followed by a high activation of mast cells, 

which can remain evident throughout the life of the animal. Mast cells produce proteases and 

cytokines (TNF-α) which act directly on the expression of barrier proteins, resulting in 

increasing permeability, as well as enterocyte apoptosis (Hausmann, 2010). The same authors 

pointed out that weaning at the age of less than 28 days is more likely to have a negative impact 

on the development of the barrier, with obvious consequences on functionality, which lasts for 

the entire life of the animal (Figure 7). 

 

Fig. 7 - Impact of the age of weaning on the development and long-term 

functionality of the intestinal barrier (from Moeser et al., 2017) 

 

Stressful events, such as those related to early weaning, through the activation of the 

hypothalamus-pituitary-adrenal axis, can also cause oxidative stress (Costantini et al., 2011). 



 35 

Oxidative stress is an imbalance between the production of molecules with a strong oxidizing 

action (ROS), such as superoxide anion and hydrogen peroxide, and the ability of tissues to 

eliminate them through antioxidant mechanisms, by enzymes such as superoxide dismutase 

(SOD), catalase (CAT), glutathione peroxidase (GPx). Cao et al. (2018), observed, during the 

first 7 days after weaning (21 days of pigs’ life), a tissue, decrease of enzymes involved with 

antioxidant systems such as GPx and SOD, with an increase in Malondialdehyde (MDA, 

produced by lipid peroxidation). At the mucosal level, ROS, acting as powerful oxidants on 

protein and lipid macromolecules, can cause alterations to tight junctions and cause cell 

apoptosis, with impairment of the intestinal barrier function.  

Oxidative stress and the inflammatory process are closely related. The cells of the immune 

system activated by inflammatory processes, neutrophils, monocytes, lymphocytes, in fact, 

produce ROS, which in turn are able to directly activate the production of inflammatory 

cytokines; the process is mediated by NF-kb (Biswas, 2016; Figure 6). 

 

 
Fig. 8 - In the event that oxidative stress is the primary alteration, the inflammation 
develops secondarily and in turn stimulates oxidative stress. If inflammation is the 
primary alteration, it induces oxidative stress which, in turn, increases oxidative 
stress. The activation of NF-kb plays a central role (from Biswas, 2016). 
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1.6.6 Impacts of pre-weaning nutrition and of new management approach on gut 

health after weaning 

 

In the literature, numerous studies and reviews have investigated the importance of nutritional 

management and GIT control in influencing gut health, even in the absence of overt enteric 

disease. In particular, in a study by Jayaraman and Nyachoti (2017), the authors pointed out 

that farming practices related to food and nutrition, animal welfare, biosecurity and disease 

prevention are important determinants of intestinal health and piglets’ growth performance. 

Subsequently, the adoption of high husbandry practices is fundamental in implementation of 

strategies aimed at raising pigs in environments with reduced use of antibiotics, or without the 

use of AGP and (or) minerals such as Zn and Cu.  

Among the managerial strategies useful for optimal pre- and post-weaning management, 

there is the supplementary feeding of lactating piglets to improve their gut health after weaning. 

The so-called "crawl" feeding is an established practice which consists of offering a solid diet 

(a "crawling" feed) to the piglets while they are still suckling from the sow.  Traditionally, this 

feed was usually presented in a sectioned area (the “creep”) of the farrowing cage to prevent 

the mother from accessing the feed. However, the term is now used simply for the feed offered 

to suckling piglets (English, 1981).  

Providing dry (creep) diets to piglets in lactation presents opportunities for improving 

weaning weights and post-weaning pig performance, ostensibly through the stimulation of 

digestive enzymes associated with carbohydrate and protein digestion, and (or) tolerance to 

antigens present in the diets fed after weaning. It has been proposed that creep feeding becomes 

more important and beneficial as weaning age increases. In fact, as piglets grow, their demand 

for nutrients similarly grows and with increasing age this demand outstrips the capacity of the 

sow to supply them, as the sow's milk yield peaks at around 3weeks and then slowly declines 

(Pluske et al., 1995).  

English et al., (1980) suggested that a piglet should consume, on average, 600 g of creep 

feed before weaning to become prepared for the process and mitigate the post-weaning growth 

check. At current weaning ages, this level of individual intake is unattainable. Not surprisingly, 

therefore, this area of feeding and management has attracted research and development given 

its potential impacts on post-weaning GIT structure and function, and hence performance. In 

many studies, in which piglets were categorized into eaters and non-eaters of creep feed, have 

provided some new insights on the value of creep feeding after weaning (Bruininx et al., 2002; 

Pluske et al., 2007; Sulabo et al., 2010). These studies have generally shown that only a certain 
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proportion of pigs (about 45% to 65%) within the litter consume creep feed. Moreover, eaters 

(e.g., piglets in the litter that positively consumed creep feed) have better initial post-weaning 

exploratory behaviors, feed intake and growth performance than non-eaters (e.g., piglets that 

did not consume creep feed). Increasing the proportion of individual pigs consuming creep feed 

within litters may elicit positive effects on nursery performance. Therefore, it is important to 

identify factors that may create more eaters of creep feed in whole litters.  

An alternative, or complementary, approach to improving adaptation time to weaning, with 

possible impacts on gut health, is to mimic the gradual weaning process that occurs in pigs in a 

natural environment. This may address piglet needs in such a way that it brings about long term 

benefits with respect to performance and welfare. In nature, a sow will isolate herself before 

farrowing and return to the group to allow her litter to mix with the other piglets at 

approximately 10 days after birth (Jensen, 1986). There is no particular point where the sow 

begins to wean her piglets as it is a gradual process that occurs over 13 to 19 weeks, with the 

sow predominately controlling the initiation and termination of suckling bouts (Jensen, 1988; 

Jensen and Recen, 1989). As the benefits of suckling begin to decrease for the piglets (e.g., too 

much energy expended for not enough reward), piglets solid feed intake from exploration of 

the environment begins to increase (Bøe, 1991). Interestingly, there is no drop in daily weight 

gain during weaning under natural conditions (Bøe, 1991).  

A system of lactation housing, where a sow can leave her piglets at will by stepping over a 

barrier, provides an option for the sow to gradually wean her piglets in a commercial setting. 

In such systems, sows will generally choose to spend less time with their litter at the end of 

lactation, resulting in an increase in creep feed consumption by the piglets compared with 

conventionally housed piglets (Pajor et al., 2002; Weary et al., 2002). However, this effect is 

often coupled with a decrease in growth rate, suggesting that the increase in creep feed 

consumption is not enough to compensate for the loss of milk consumption as a result of the 

sow spending less time with the piglets (Pajor et al., 2002; Weary et al., 2002). However, data 

pertaining to indices of gut health, were not reported. It is also interesting to note that the group 

lactation systems, where there was freedom for sows to spend less time with the piglets and 

opportunity for piglets to socialize with non-littermates before weaning, seem to have longer-

lasting improvements in performance with higher weight gains in pigs exposed to group 

lactation reported up to 5 weeks after weaning, compared with conventionally housed pigs 

(Kutzer et al., 2009; van Nieuwamerongen et al., 2015 and 2017).  

Similar in concept to controlled sow housing, intermittent suckling (IS) involves the daily 

separation of sows and piglets for a specified period of time during the latter part of lactation. 
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Studies conducted on this practice have highlighted benefits for the welfare of piglets as 

evidenced by improvements in post-weaning performance (Berkeveld et al., 2009; Turpin et al., 

2017a, b) and behavior (de Ruyter et al., 2017). However, there is concern that repeated and 

forced episodes of sow-piglet separation is detrimental to the welfare of piglets and sows with 

possible implications for gut health after weaning. Physiological and behavioral studies that 

further examined this aspect reported only a transient increase in cortisol in piglets (Turpin et 

al., 2016a) and activity (Berkeveld et al., 2007a) on the former 1 to 2 days of separation, after 

which the levels stabilize at baseline or at the same levels as their conventionally weaned 

counterparts. Turpin (2017) did not report any adverse effects of this increase on aspects of 

intestinal health (mast cell degradation, CRF-1 receptor density) after weaning, unlike other 

reports related to weaning stress (Moeser et al., 2017). 

Therefore, it is evident that the application of managerial strategies in the management of 

pre-weaning phase have a positive effect on the subsequent growth of piglets. However, in 

addition to these, in the last years, the scientific community has focused on the search for 

substances of various kinds which, added to the diet, have positive effects on both growth and 

intestinal health of animals. 

1.7 NUTRITIONAL STRATEGIES FOR A HEALTY 

GASTROINESTINAL TRACT 

 

There is a wide array of products, such as feed additives, and feeding/management strategies 

available that influence, or purport to influence, different aspects of gut health (Adewole et al., 

2016; Cheng et al., 2014; de Lange et al., 2010; Heo et al., 2013; Jayaraman and Nyachoti, 

2017; Pluske, 2013; Bontempo et al., 2016).  

In general, the large number of feed and (or) water additives available to swine farmers to 

use as alternatives or replacements to AGPs that have been evaluated, are generally aimed at: 

1) enhancing the pigs' immune responses (e.g., immunoglobulin, u-3 fatty acids, yeast derived 

b-glucans), 2) reducing pathogen load in the pig's GIT (e.g., organic and inorganic acids, high 

levels of zinc oxide, essential oils, herbs and spices, some types of prebiotics, bacteriophages, 

anti-microbial peptides), 3) stimulating establishment of beneficial GIT microbiota (e.g., 

probiotics and some types of prebiotics), and (or) 4) stimulating digestive process (e.g., butyric 

acid, gluconic acid, lactic acid, glutamine, threonine, cysteine, and nucleotides) (de Lange et 

al., 2010).  
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According to Adewole et al., (2016), feed additives have been used by several researchers 

and in research models for the purpose of improving growth performance and also to prevent 

diseases, but the effectiveness of these additives depends mainly on the amount added to the 

diet. Along the same line of reasoning, Celi et al., (2017) reiterated that the reason for this 

inconsistency may be that the effectiveness of each additive depends on diet (e.g. composition, 

diet processing and feeding methods), colonization and associated succession of microbial 

populations, stress and genetics. Therefore, it is not possible to recommend a specific additive 

that has positive effects on all diets, but it is likely that if no AGPs is used, at least some 

additives are beneficial in diets fed to piglets (Liu et al. 2018).  

Pluske et al., (2018) reported that additives are predominantly characterized not only by their 

different modes of action, but also by the variation in responses obtained when added to pig 

diets. This variation is presumably a consequence, in part, of many different management 

conditions pigs are subjected to, which in turn influence factors such as microbiota composition 

and intestinal mucosal immunity. Thus, there is a need for additional research in order to 

validate the findings, but in summary, inconsistent results obtained with feed additives may be 

due to differences in the pig age, health status, environmental conditions or management. 

Therefore, research on new alternatives that are efficient, safe and that can truly replace AGPs 

still is and will be a long process (Cheng et al. 2014). 

 

1.8 FATTY ACIDS AS FEED ADDITIVES: Who are they? 

 
Among the alternatives proposed and which appear to be excellent candidates for replacing, or 

at least reducing AGPs, and for having positive effects on the intestinal health of pigs, are short 

and medium chain fatty acids. 

Acids are molecules able to donate protons and are characterized by a dissociation constant 

and acidifier power that influence its effect. Acids may be administered as feed additives in 

various ways, including as a pure form, as a blend of organic and/ or inorganic acids, or in 

association with phytoextracts or enzymes that can enhance the beneficial impacts. The group 

of feed additives categorized as acids includes inorganic acids, organic acids (OA), fatty acids 

(FA) and their salts. The members of the OA group may be classified by their saturation level 

(saturated or unsaturated) and/ or carbon chain length (short, medium, or long chain) (Rossi et 

al., 2010). The members of the OA group may be used alone or in blends. Each acid presents 



 40 

chemical properties that influence its beneficial effects, and the dose response is not always 

constant (Ferronato and Prandini, 2020).  

FAs are a category of OA characterized by aliphatic chains with 4–28 carbons, where the 

carboxylic group is hydrophilic, while the carbon chain is hydrophobic. These could be 

chemically classified according their carbon chain length into short chain fatty acids (SCFAs; 

1–5 carbon atoms), medium chain fatty acids (MCFAs; 6–12 carbon atoms), or long chain fatty 

acids (LCFAs; 13–21 carbon atoms), and according to saturation level, into saturated or 

unsaturated fatty acids. In Table 2 are presented details on the most relevant studies about 

SCFAs and MCFAs. 
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Tab. 2 - Studies about the most common fatty acids used in pig farming adapted from Ferronato and Prandini, 2020. 

 
Compound Animal category Dose Response Reference 

 
 
 
 

SHORT 
CHAIN 
FATTY 
ACIDS 

Weaning pigs 
 

1mM, coated form 
 

Reduction of hilA expression, Salmonella invasion, and fecal shedding Boyen et al., 2008 

Weaning pigs 
 

0.20% free sodium butyrate or 0.06% 
protected sodium butyrate 

Increased villus height, growth, and surviving rate of E. coli challenged pigs Bosi et al., 2009 

Weaning pigs 
 

0.17% sodium n-butyrate Increased Lactobacillus count, ileal microvilli length, and depth of cecal crypts. Reduction of coliform 
bacteria in ileum, feed and costs 

Galfi and Bokori,1990 

Weaning pigs 
 

0.08% sodium n-butyrate Increased ADG, daily feed intake (DFI), feed efficiency (FE), and live weight (LW)  Piva et al., 2002 

Weaning pigs 
 

0.1% tributyrin Alleviation of acetic acid-induced intestinal injury. Increased caspase-3 levels, claudin-1 protein, and 
epidermal growth factor receptor mRNA expression 

Hou et al., 2014 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MEDIUM 
CHAIN 
FATTY 
ACIDS 

Newborn pigs (1) 0.50% or 1.0% or 2.0% medium 
chain fatty acids (MCFA) blend 1:1:1 
(C6:0 + C8:0 + C10); (2) 1.0% of 4 
MCFAs blend (50% C6:0 + 20% lactic 
acid + 10% or 20% or 30% monolaurin) 

(1) Increased ADG, ADFI, and feed efficiency; (2) increased ADFI and ADG with 1.0% Thomas et al., 2020 

Newborn pigs 
 

0.02% MCFA– long chain fatty acids 
(LCFA) blend (0.9% C6:0 +29% C8:0 + 
19% C10:0 + 8% C14:0 + 5% C16:0 + 
6% C18:1n -7 + 8% C18:2n – 6 + 1% 
C18:3n -3) 

Higher live weight/body weight ratio; possible toxic effect Casellas et al., 2005 

Weaning pigs 
 

0.2% MCFA blend Increased ADG (MCFA), gain to feed ratio (G/F), glucose level in blood, nutrient digestibility of dry 
matter (DM), N, and energy (MCFA + 0.01% probiotic) 

Mohana Devi et al., 
2014 

Weaning pigs 
 

8% MCFA blend (60% C8:0 + 40% 
C10:0) 

Increased triglyceride concentrations. Reduction of feed intake and superior G/F ratio for 3 weeks, and 
serum urea concentration 

Cera et al., 1989 

Weaning pigs 
 

0.003% (salts form; 48% C12:0 + 18.6% 
C14:0 + 9.9% C16:0 + 6.8% C18:1 + 
6.2% C8:0 + 5.8% C10:0+ 3.6% C18:0 + 
1.3% C18:2) 

Reduction of Salmonella count in cecum, Enterobacteriaceae and total coliform in ileum/colon, and 
intraepithelial lymphocyte counts 

Lopez-Colom et al., 
2019 

Weaning pigs 
 

0.2% OAs blend (C12:0 + butyrates, 
MCFAs + sorbic acid + phenolic 
compounds) 

Increased Lactobacillus and Faecalibacterium, growth performance, and serum immunoglobulin (Ig; IgG, 
IgA). Reduced diarrhea rate 

Han et al., 2018 

Weaning pigs 
 

0.2% or 0.4% OA and MCFA (17% 
fumaric acid + 13% 
citric acid + 10% malic acid + 1.2% 
MCFA C10:0/C8:0) 

Increased body weight (BW), ADG, ADFI, and G/F. Reduction of diarrhea incidence Lei et al., 2017 

Weaning pigs 0.2% or 0.4% organic acids (OA) and 
MCFA (17% fumaric acid +13% citric 
acid + 10% malic acid + 1.2% MCFA 
C10:0/C8:0) 

Decreased pH digesta, MCFA induced minor changes in microbiota composition instead of OA. 
Interaction of OA and MCFA to reduce E. coli virulence and prevent post-weaning diarrhea 

Zentek et al., 2013 

Sows Medium chain triglyceride (MCT) (92% 
C8:0 + 2% C10:0 + 6% C12:0) 9:1 by 
weight 

Improved survival rate to day 21, muscle glycogen, and serum albumin of the smallest pigs Jean and Chiang, 1999 

Sows 10% supplemental fat as MCT source Increased pig ADG and average pig weaning weight Gatlin et al., 2002 
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1.8.1 SHORT CHAIN FATTY ACIDS 

 

Fatty acids with a chain of less than six carbon atoms are called short-chain fatty acids (SCFA), 

which include acetate (C:2), propionate (C:3) and butyrate (C:4).  

 

 
 

SCFAs are bacterial metabolites produces as a result of the fermentation of dietary partially and 

non-digestible polysaccharides, performed by specific anaerobic bacteria (den Besten et al., 

2013). The beneficial effect of SCFAs is closely correlated with increasing proliferation and 

decreasing apoptosis of enterocytes. They are the major fuels of enterocytes and provide 60– 

70 % of the energy requirement for colonocytes in particular (Jacobi and Odle, 2012). Both 

weaning and growing pigs have a great capacity to absorb and metabolize SCFAs from the 

hindgut (Liu, 2015). Moreover, a reduced capacity of the intestinal mucosa to oxidize butyrate 

has been implicated in the pathogenesis of ulcerative colitis (Scheppach et al., 1992). Thus, 

SCFAs are essential for maintaining the normal metabolism of colon mucosa, regulating 

colonocyte growth and proliferation (Rossi et al., 2010).  

However, the beneficial effect of SCFAs is not restricted to the colon, and SCFAs also 

stimulates cell proliferation and growth of the small intestine. This effect on distal mucosa is 

likely mediated by a systemic mediatory mechanism (Sakata and Inagaki, 2001).  

In general terms, SCFAs have been shown to play an important role in improving intestinal 

health and limiting intestinal inflammation in pigs. Among them, butyric acid has numerous 

positive effects on the health and growth of piglets. 

1.8.1.2 Butyric acid (C:4) 

 

Butyric acid is one of the main SCFAs that arise as a result of bacterial fermentation at the 

gastrointestinal level, particularly in the colon. Although, compared to acetic and propionic acid, 

butyric acid is the least abundant, in recent years, it has been extensively studied (both in human 



 43 

medicine and in veterinary medicine) for the various positive actions it carries out in the 

intestine.  

Butyric acid is synthesized, by the microbiota of the large intestine, starting from undigested 

carbohydrates, mainly soluble and fermentable, such as oligosaccharides, inulin, glucans, but 

also from starch that escapes the digestion in the small intestine, which is the most powerful 

butyrrogenic substrate. The bacterial groups that have been identified as major producers of 

butyric acid belong to the order of Clostridiales and are those of Cluster IV and XIVa, including 

Faecalibacterium prausnitzii, Eubacterium rectale, Roseburia spp. Butyric acid is absorbed 

both in the small and large intestine, by diffusion (non-dissociated forms of the acid) and 

through various active transport and ion exchange mechanisms (e.g., transporters of mono-

carboxylates). It represents the preferred energy source for enterocytes and is essential for 

maintaining the normal metabolism of the intestinal mucosa (Guilloteau et al. 2010). 

Butyric acid has a pKa of about 4.8. Therefore, in acidic environments, such as gastric ones, 

the undissociated form prevails, while at more neutral levels of the intestine, it is found mainly 

in dissociated form. As an acid, it is irritating and characterized by a very pungent odor. 

Considering the behavior in relation to the external pH, the undissociated forms, due to their 

lipophilic nature, tend to be absorbed at the level of the initial part of the GIT. In this regard, 

forms have been studied to allow its release in the lower tracts, such as esterification with 

glycerin or microencapsulation (Bedford et al., 2017), also improving the organoleptic 

characteristics. Generally, non-esterified forms are commonly salified to obtain butyrate (e.g., 

Sodium Butyrate).  

Mallo et al., (2012), compared the use of encapsulated butyrate or monobutyrin in 21-day-

old pigs, noting a higher concentration of butyric acid in the colon, especially in the 

encapsulated form. In human medicine, several studies have highlighted the positive effects of 

butyrate in the treatment of colon diseases, often on an inflammatory basis, such as ulcerative 

colitis or Crohn's disease. The anti-inflammatory effects are mediated by mechanisms of 

regulation of the expression of pro-inflammatory cytokines, through the inhibition of the 

biochemical pathway of the factor NF-kb, which determines the production of IFN-γ, TNF-α, 

IL-6, IL-8, and at the same time the induction of regulatory cytokines such as IL-10 or TGF-B. 

Positive findings on oxidative stress have also been identified, with increased glutathione 

production (Bedford et al., 2017). 

At the level of the healthy intestinal mucosa, especially in the colon, it reduces apoptosis 

and promotes the secretory activity of goblet cells; in a very interesting way, however, it 

stimulates apoptosis in cancer cells (Guilloteau et al., 2010). Also, in the zootechnical field, 
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interest in butyric acid has grown, as one of the nutritional interventions to support intestinal 

health, especially in the post-weaning phase, identifying in many cases positive effects on 

growth performance and on health status. In recent years, several in vitro and in vivo studies 

have investigated the effects of butyrate in pigs, demonstrating its action as a regulator of 

mucosal inflammatory processes and maintenance of the integrity of the intestinal barrier. Fang 

et al., (2014) reported that dietary supplementation of sodium butyrate significantly decreased 

diarrhea incidence of weaned piglets and thus reduced the adverse effects of weaning stress and 

maintained the integrity of intestinal mucosa.  

In the same way, tributyrin (an ester of butyric acid) improves intestinal morphology, 

improves feeding, growth and efficiency during 3-4 weeks after weaning and mitigates adverse 

changes in the intestinal structure and function associated with weaning stress. It also improves 

morphology and intestinal enzymatic activity (Hou et al., 2006; Hou et al., 2014). Moreover, 

dietary supplementation with tributyrin alleviated intestinal injury by inhibiting apoptosis, 

promoting tight-junction formation and activating epidermal growth factor receptor signaling 

in piglet colitis (Hou et al., 2006; Hou et al., 2014; Liu, 2015).   

Yan et al., (2017), challenged IPEC-J2 cell cultures with E. coli LPS showed that butyrate 

preserved the integrity, and decreased the permeability, of the intestinal barrier, increasing and 

restoring the expression of the proteins Claudin 3 and 4, the main components of tight junctions. 

This effect was obtained through the activation of specific biochemical pathways (AKT-

mediated protein synthesis pathway). Ma et al., (2012), again using IPEC-J2 cell cultures, 

subjected the cells to physical damage (scratching). The treated cells showed a faster damage 

repair process, mediated by increased expression of the barrier proteins Occludin and ZO1. 

Furthermore, the authors highlighted a higher production of SOD, GPx and GSH and a lower 

concentration of MDA, suggesting positive effects on the oxidative stress of the treated tissue. 

Feng et al., (2018), administered 2 g/kg of sodium butyrate to 21-day weaned pigs over a 

three-week period. Growth performance results did not differ, but treated pigs had a lower 

incidence of diarrhea. In addition, at the level of the intestinal mucosa, the authors showed 

lower permeability and higher production of Occludin, ZO1 and Claudin in the colon, also in 

this case by regulating the activation of biochemical pathways of synthesis.  

Wang et al., (2018), for 14 days after weaning (28 days of pigs’ life), provided 450 mg/kg 

of protected sodium butyrate. The treated animals had a higher weight gain and, at the jejunal 

mucosa level, the height of the villi and the villi: crypts ratio (V: C) increased. The treatment 

also resulted in a lower activation of the Mast-cells. Mast-cells play a central role in mediating 

intestinal inflammation; following their activation, preformed mediators are released. At the 
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tissue level (jejunum), the authors showed a decrease in these mediators and cytokines, such as 

histamine, TNFα and IL-6. 

The pro-inflammatory cytokines have a negative effect on the integrity of the intestinal 

barrier by increasing its permeability and inducing apoptosis. Positive effects on the 

permeability of the intestinal barrier, with greater production of the Occludin protein (jejunum 

and colon) and on inflammation (lower secretion of TNFα) were highlighted by Huang et al., 

(2015) with the use of 1 g/kg protected butyrate, together with Kytasamycin and Colistin. 

Moreover, the treated pigs showed a lower concentration of MDA and a higher concentration 

of GPx, with the latter due to the use of butyrate, in comparison with the group that was fed 

only antibiotics and the control group. This supports the evidence of Ma et al., (2012) described 

above. 

Over the years there have been numerous studies on integration with butyrate and the impact 

on livestock performance both in post-weaning and even before weaning in pigs. Already in 

1990, Galfi et al., (1990) found that 0.17% sodium butyrate improves the dietary intake, 

conversion index and weight gain of piglets from about 7 to 100 kg, accompanied by a greater 

length of the ileum villus. In 2002, Piva et al., (800 mg/kg of Sodium Butyrate) recorded an 

increase in feed intake and weight gain only in the first 14 days after weaning (total period: 56 

days), assuming a positive effect especially when switching from a liquid to a solid diet. Lu et 

al., (2008), with a dosage of 1 g/kg of sodium butyrate in 21-day-old piglets, obtained, after 30 

day trial, better dietary feed intake, conversion index and weight gain. At the same time, at the 

mucosa level of the small intestine, the authors showed greater length of the villus and the 

Villus: Crypts ratio; in addition, at the serum level, the concentration of TNFα and IL-6 

decreased. According to the authors (Piva et al., 2008), the best morphological characteristics 

may depend both on the reduction of the direct negative action of cytokines on the mucosa, and 

on the indirect effect on the appetite of animals; in fact, high concentrations of cytokines 

depress feed intake.  

Low feed intake causes negative effects on the intestine, with atrophy of the villus. Chiofalo 

et al., (2014), supplementing the diet of pigs weaned at 21 days with 440 mg/kg of protected 

sodium butyrate or 1.47 g/kg of unprotected salt for 45 days, recorded a higher final weight of 

the pigs treated, with improvements in the feed conversion ratio in the final phase of the study, 

and a higher length of small intestine villus, especially in the group fed with butyrate protected 

form. Other works have investigated the use of sodium butyrate in the undercutting period. 

Kotunia et al., (2004), administered through a milk-replacer, found a higher length of the villi 

in the jejunum and ileum. Le Gall et al., (2009) provided the product before weaning and / or 
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after weaning. The data emerging from the study suggest that pre-weaning use provides the 

most positive responses, such as an improvement in weight gain, better feed intake and fecal 

digestibility of the feed in the phase after weaning.  

On the other hand, some other studies have not shown improvements following the use of 

butyrate in post-weaning. Fang et al., (2014), with 1% of encapsulated product, did not detect 

effects on feed intake, weight gain and feed conversion ratio, even though the pigs treated, 

compared to the controls, had a lower incidence of diarrhea. Also, in a study by Biagi et al., 

(2007) no differences were observed in terms of growth performance, intestinal morphology or 

intestinal microbiota in 32-day weaned piglets, which were given different amounts of sodium 

butyrate (1,000, 2,000, or 3,000 mg / kg) up to 6 weeks. 

Butyric acid, like other SCFAs, has an antimicrobial activity, mainly against Gram-negative 

bacteria and linked above all to its undissociated (fat-soluble form), able to penetrate inside cell 

membranes, lowering the bacteria intracellular pH and causing a toxic accumulation of anions. 

In fact, the antimicrobial mechanism of action is influenced by the shape and size of the fatty 

acid chain as well as by the composition: the presence of a -OH group is decisive for the 

antibacterial properties, while the presence of a methylated group confers little or no 

antibacterial properties (Desbois and Smith, 2010; Abdelli et al, 2020). Other studies suggested 

that FAs act as a non-ionic surfactant, which became incorporated into the bacterial cell 

membrane. Taking into consideration some studies mentioned in the previous paragraph, Galfi 

et al., (1990), had shown a reduction in the proportion of Coliforms in the ileum and a relative 

increase in Lactobacilli. On the other hand, Chiofalo et al., (2014) an increase in lactic bacteria 

in the intestinal mucosa in pigs treated with protected butyrate, while Lu et al., (2008), a lower 

concentration of Clostridium and E. coli in the chyme of the small intestine, without absolute 

changes of Lattobacillus and Bifidobacterium. Roca et al., (2014), with the inclusion of 0.3% 

sodium butyrate or Avilamycin or a mixture of plant extracts, in diets for 21-day weaned piglets 

(3 weeks of treatment), concluded that, among the diets, especially the butyrate was able to 

increase the biodiversity of the microbiota in the distal portions of the intestine.  

The direct antimicrobial effect against pathogens was the subject of a study that involved a 

challenge with Salmonella Typhimurium (24-day piglets, dosage 2.1 g/kg of protected product). 

Treatment resulted in less intestinal colonization and fecal excretion of Salmonella (Barba-

Vidal et al., 2017). In a recent work, Xiong et al., (2016) proposed a new possible and 

interesting mechanism of butyrate antibacterial action (0.2% in the diet) against E. coli O157: 

H7, with which 24-day-old piglets were challenged. Compared to the controls, the treated did 

not show clinical symptoms of the infection and, at the same time, had less fecal excretion of 
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the microorganism. The authors showed that butyrate increased the synthesis of Host Defense 

Peptides (HDP), which, in turn, stimulated the activity of macrophages, increasing their 

antibacterial activity and consequently reducing inflammation, as evidenced by lower serum 

levels of TNFα and IL-6 in the treated. HDPs are peptides that exist in all living organisms and 

are divided into the family of Difensins or Cathelicidins. HDPs possess a broad-spectrum direct 

antimicrobial effect against Gram-negative, Gram-positive, viruses and fungi, exhibiting an 

action aimed at the integrity of the membranes. Furthermore, these peptides play an important 

role in modulating the immune response (innate and acquired) and protecting intestinal mucosal 

barrier (Robinson et al., 2018). 

 

1.8.2 MEDIUM CHAIN FATTY ACIDS 

 

MCFAs are saturated 6- to 12-carbon acids, including caproic acid (C6:0), caprylic acid (C8:0), 

capric acid (C10:0), and lauric acid (C12:0). These compounds are widely distributed in nature. 

As triglycerides, they are present in mammalian milk (in the sow the level is low), and in plant 

byproducts such as coconut and palm oil (Jensen, 2002). Furthermore, in the skin, they are 

secreted by the sebaceous glands and their presence has a controlling effect on the microbial 

population. 

MCFAs administration seems to provide a positive effect through nutritional, metabolic, 

antimicrobial, and immune-stimulating effects. MCFAs undergo simpler degradation to FAs 

and glycerol with the help of pancreas lipase, after which they diffuse into portal blood, where 

they associate with albumin for direct transport to 

the liver and are used for energy production via 

mitochondrial ß-oxidation. MCFAs enters the 

mitochondria independently of the carnitine 

transport system and undergo preferential 

oxidation (Baltic et al., 2017). The contribution of 

MCFAs as an energy source for the distal GIT 

epithelium is minor compared with that of 

butyrate, and only a small portion of the systemic  

pool of MCFAs is stored in adipose tissues 

(Zentek et al., 2011). MCFAs may also be 

generated by hydrolysis of medium chain triglycerides (MCTs). Therefore, in general, MCFAs 
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represent a rapidly available source of energy for the intestine, making them particularly 

interesting for the nutrition of young animals (Hanczakowska et al., 2017).  

For these reasons, MCTs and MCFAs are often used for feed supplementation, but a high 

dosage may decrease feed palatability and/ or create a false sense of satiety due to their rapid 

oxidation in the liver. Inconsistent results have been obtained in newborn and lactating piglets 

in this regard, with the results suggesting that MCFAs may have toxic effects at high 

concentrations (Peffer et al., 2005). Regarding supplementation during the weaning phase, 

Thomas et al., (2020) and Mohana Devi et al., (2014) reported improvements of daily gain, feed 

intake and feed conversion ratio under MCFA supplementation. There is no evidence that 

dietary administration of MCFAs can affect the reproductive performance of pigs, yield 

maternal or fetal toxicity, or exhibit teratogenic effects at doses up to 12,500 mg/ kg (Traul et 

al., 2000).  

MCFAs supplementation in sows during gestation and lactation reportedly had positive 

effects on the sows’ body condition score but did not alter their milk composition; among the 

offspring, there were improvements in maturity at birth, body glycogen stores, and the survival 

rate (Gatlin et al., 2002). MCFAs can also help to support the integrity of the intestine in young 

piglets. For example, Dierick et al. (2003; 2004) reported that feeding of MCFAs to weaning 

pigs influenced the intestinal morphology, resulting in a significant increase in the length of the 

villous in the small intestine combined with a lower crypt depth and a lower number of 

intraepithelial lymphocytes. More recently, Hanczakowska et al., (2011), by administering both 

caprylic acid and capric acid, separately or together (0.2%) to piglets, from 7 to 84 day of life, 

showed a significant weight increase and a better digestibility of proteins and fiber. At the 

mucosal level, an increase in the height of the ileum villi was observed, which was significant 

with the administration of capric acid. 

MCFAs or MCTs have been suggested to improve gut health under inflammatory conditions. 

Activation of the immune system and the inflammatory response is a fundamental process in 

the body's defense. However, these processes need to be finely regulated so that they are not 

excessive. In fact, inflammation and tissue damage are correlated and can trigger a reciprocal 

stimulation mechanism. Recently, Xu et al., (2018), highlighted a possible role of MCFAs as 

modulators of the inflammatory and immune response. The study was conducted to evaluate 

whether the administration of MCTs (4% of a mixture of caprylic and capric acid) had an impact 

in alleviating the inflammatory response of the intestinal mucosa, and its associated damage 

and necroptosis, following exposure of pigs with E. coli LPS (intraperitoneal injection). The 

results showed that the treatment improved intestinal morphology, enzymatic digestive activity 
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and the barrier function of the epithelium: in fact, an increase in intestinal villi, an increase in 

the activities of Saccharase and Maltase was observed at the jejunal level, as well as a higher 

expression of the Claudin-1 protein, essential for maintaining the barrier function. Furthermore, 

following the treatment, a reduced expression of Toll-Like receptor 4 (TLR4) mRNA and of 

the Nucleotide-binding Oligomerisation Domain (NOD) protein genes was highlighted in 

jejunum and ileum. TLRs and NODs play a central role in the detection of pathogens and in the 

activation of innate inflammatory and immune responses. Consequently, at the plasma level, 

the concentration of TNF-α, a pro-inflammatory cytokine, was decreased as well as the 

expression of the heat-shock protein 70 (HSP70) in the jejunum. HSP70 is an anti-inflammatory 

protein that is produced as a result of inflammation. The treatment also inhibited the necroptosis 

of enterocytes in the jejunum and ileum, which may have been caused by a direct effect or by 

inhibition of the inflammatory pathways mediated by TLR or NOD. According to the authors, 

these results indicate that MCFAs can modulate inflammatory processes in the intestinal 

mucosa, and improve the integrity of the barrier, the morphology of the villi and digestive 

functions (Xu et al., 2018).  

The strong antibacterial activity of MCFAs is a long-known feature and makes MCFAs 

attractive as possible alternatives to antibiotics. Already in the early 1970s, in vitro studies 

conducted by Kabara et al., (1972) and Conley et al., (1973), had highlighted the antibacterial 

activity of MCFAs and, even more, of their monoglycerides, showing how this was higher in 

the cases of lauric acid and monolaurin, with a spectrum of action particularly effective against 

Gram-positive bacteria.  In an in vitro study of Bergsson et al., (2001) was found that 

monocaprin, especially at low concentrations, was more active than capric acid against Gram-

positive bacteria. In particular, through fluorescence and two-color electron microscopy, the 

authors highlighted the disintegration of the cell membrane but leaving the cell wall intact.  

Batovska et al., (2009), examined the antibacterial activity of different MCFAs and their 

monoglycerides against some Gram-positive bacteria. From the results obtained, it emerged 

that, in general, the monoglycerides had higher efficacy, and monolaurin, in particular, was the 

most active compound. According to the authors, a possible explanation lies in the hydrophilic 

portion (glycerol), which acts as a carrier of the FA across the membrane (Batovska et al., 2009). 

In another study by Shilling et al., (2013), lauric acid caused damage to cell membranes and 

the cytoplasmic structure, and inhibition of growth of Clostridium bacteria. A study by 

Schlievert et al., (2012), pointed out that monolaurin is 200 times more effective against 

Staphylococcus aureus and Streptococcus pyogenes than both lauric acid and other MCFAs. 

The same authors then tested the in vitro sensitivity of numerous microorganisms towards 
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monolaurin (Table 3). The table shows that, in general, Gram-positives bacteria are sensitive. 

In particular, it is very interesting that Streptococcus suis, the causative agent of porcine 

Streptococcosis, is very sensitive, with an inhibitory concentration of 50 µg / ml. On the other 

hand, among the resistant microorganisms there are Enterobacteriaceae, including E. coli. 

 

 

 
Tab. 3 - Sensitivity of various microorganisms to Monolaurin (from Schlievert et al., 2012) 

 

Regarding the sensitivity of Gram-negative (E. coli in particular), an in vitro work by Kim et 

al., (2013) highlighted a bactericidal synergistic effect between MCFAs (caprylic, capric and 

lauric acids) and organic acids (acetic, lactic, malic and citric acids) against E. coli O157: H7. 

Indeed, bacteria treated with the individual substances showed cell membrane damage, but were 
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still able to form colonies. Otherwise, the combined treatment shows membrane disintegration 

with cell death. The authors believe that initially organic acids, or MCFAs, cause damage to 

the bacterial cell membrane and that this subsequently accelerates the entry of the same 

substances in the cell, causing irreversible toxic effects (Kim et al., 2013). 

To date, the mechanisms of action of the antimicrobial activity of MCFAs are not fully 

understood. However, the main target seems to be the cell membrane (Schlievert et al., 2012). 

The membrane-lithic behavior of FAs and monoglycerides derives from their amphipathic 

properties, which allow these molecules to adhere to the bacterial cell membrane, leading to the 

destabilization of the membrane and the formation of pores on it (Yoon et al., 2018). In 

particular, the destabilizing activity of the membrane causes an increase in cell permeability 

and lysis, leading to inhibition of bacterial cell growth (bacteriostatic action) or to cell death 

(bactericidal action). At higher concentrations, FAs can solubilize the membrane to such an 

extent that various membrane proteins or larger sections of the lipid bilayer are released 

(Desbois and Smith, 2010; Yoon et al., 2018). Among the vital processes involving bacterial 

cell membranes, two of the most important are the electron transport chain and oxidative 

phosphorylation, which are essential for the production of energy in bacterial cells. The two 

processes are interconnected, and MCFAs have the potential to interrupt the electron transport 

chain process by binding to electron carriers or by altering the integrity of the membrane and 

interfering with oxidative phosphorylation by decreasing the membrane potential and the 

proton gradient. Furthermore, FAs can directly inhibit membrane enzymes such as 

glucosyltransferase, presumably due to similar molecular structures of fatty acids with known 

inhibitors of small molecules (Zhou et al., 2018). 
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Fig. 9 - Summary of the antibacterial action mechanisms of MCFAs (from Desbois et al., 2010). 

 

Furthermore, in conditions of relatively acid pH, the absorption of the undissociated MCFAs 

into the bacterial cell determines a cytotoxic effect: in the cytoplasm, in fact, with a pH close 

to neutrality, the acid dissociates, decreasing its pH and inactivating various enzymatic 

activities (Zentek et al., 2011). 

Considering their antibacterial effects, MCFAs are typically supplemented into the diet in 

blends comprising other MCFAs or OA, in order to harness a synergic effect and widen the 

antibacterial spectrum. López-Colom et al., (2019) confirmed that MCFA salts from coconut 

oil (C12:0, C8:0, and C10:0) had antipathogenic effects, such as reducing Salmonella  in cecum, 

reducing Enterobacteriaceae and Coliform bacteria in the ileum and colon and increasing the 

antimicrobial effects of lauric, caprylic, and capric acids beyond the effects seen with long-

chain fatty acids (LCFAs) (López-Colom et al., 2019). Marounek et al., (2004) reported that 

MCFAs supplementation had a coccidiostatic effect, delaying shedding and shortening the 

patent periods for cryptosporidial oocysts of Cryptosporidium parvum and Isospora suis. 

MCFAs are also supplemented in blends along with others OA. According to Zentek et al., 

(2013) the combination of OA (fumaric acid and lactic acid) and MCFA (C8:0; C10:0) could 

modify the microbiota and prevent post-weaning diarrhea. Han et al., (2018) confirmed that 

MCFAs blends increased growth performance, decreased the diarrhea rate, and enhanced serum 

immunity. The diarrhea incidence in weanling pigs challenged with E. coli was reduced by 

supplementation with an OA-MCFA (C8:0, C10:0) blend (Lei et al, 2017).  
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1.8.2.1 Lauric acid (C:12) 

 

In a recent study, Kour et al., (2020) reviewed the use of MCFAs in veterinary practice with a 

particular focus on lauric acid. Lauric acid is one of the MCFAs with 12 carbon atom chain. 

Like many other FAs, lauric acid has long shelf life and is non-toxic in nature. It is also having 

a more favorable effect on total HDL cholesterol than any other FAs (Mensink et al., 2003). 

Moreover, antiprotozoal, antifungal, antibacterial, and antiviral, and other activities of lauric 

acid reflected unique features that put it on the top of the food additives (Galib, 2018). 

Furthermore, the inability of bacteria to develop resistance against monolaurin was considered 

vital in attracting more attention to this compound.  

In another review by Dayrit (2015), the author highlighted the properties of lauric acid and 

their significance in coconut oil. The author also investigated how lauric acid is metabolized in 

the body and also investigated the antibacterial mechanisms (Dayrit, 2015). The mechanism by 

which lauric is consumed by the body is - more amount of it gets converted into monolaurin 

(glyceryl laurate).  After the release of lauric acid from the triglyceride, it is either transported 

directly to the liver via the portal vein or reformed into new triglycerides which enter the 

lymphatic system.  

The fate of lauric acid in the blood stream has been particularly studied in rats. Using 

isotopically labeled lauric acid and palmitic acid, Goransson (1965) observed that lauric acid 

disappeared more rapidly than palmitic acid from the blood and was also oxidized more rapidly. 

He also showed that small amounts of lauric acid are found in the liver as triglycerides and that 

it is not incorporated into phospholipids.  

In the liver FAs are metabolized for energy in the mitochondria. Depending on its chain 

length, a FA can cross the mitochondrial membrane either by passive diffusion or by carnitine-

assisted transport. Gharlid and co-workers (1996) showed that lauric acid is rapidly transported 

across the membrane bilayer by non-ionic passive diffusion. Measurements using dynamic 

NMR spectroscopy showed that MCFAs are able to diffuse more rapidly than LCFAs across 

the membrane through a “flip-flop” mechanism; a lengthening of the carbon chain by two 

carbons slows down the rate of diffusion by about 100 times (Hamilton, 1998). Consistent with 

this, lauric acid has been shown to diffuse freely across the mitochondrial membrane, while 

longer chain fatty acids require carnitine (Bremer, 1983). Thus, lauric acid can be rapidly 

transported into the mitochondria via physical diffusion or with assistance from carnitine.  

Lauric acid is rapidly metabolized in the liver in a number of ways. β-Oxidation accounts 

for the major pathway for fatty acid metabolism producing acetyl-CoA for the citric acid cycle. 
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In liver mitochondria, acetyl-CoA can also be converted to acetoacetic acid and then to beta-

hydroxybutyric acid and acetone; these compounds are collectively called ketone bodies. 

Although the liver synthesizes ketone bodies, it has little β -ketoacyl-CoA transferase and is 

therefore not able to utilize ketone bodies. The ketone bodies are transported to other tissues 

such as the brain, muscle and heart which have the enzymes to convert ketone bodies to acetyl-

CoA to serve as energy source. 

 

 
Fig. 10 – Representation of the metabolism of lauric acid in the liver (from Dayrit, 2015). 

 

Numerous reports have been published on the antimicrobial properties of lauric acid and 

monolaurin both in vitro and in vivo. Among the saturated FAs, lauric acid and monolaurin 

have been shown to be very active against Gram-positive bacteria and a number of viruses and 

fungi. The antimicrobial activity of lauric acid, monolaurin, and other ester derivatives can be 

classified under three main mechanisms: 1) destruction of the cell membrane of Gram-positive 

bacteria and lipid-coated viruses by physicochemical processes, 2) interference with cellular 
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processes, such as signal transduction and transcription, and 3) stabilization of cell membranes. 

The availability of these multiple mechanisms may be one of the reasons why bacteria have 

been unable to evolve resistance against the action of these compounds. Early studies on the 

antimicrobial activity of FAs identified lauric acid as the most active among the saturated fatty 

acids; a systematic study of the in vitro anti-microbial activities of fatty acids, monoglycerides 

and diglycerides showed that lauric acid was the most active fatty acid against gram-positive 

bacteria and 1-monolaurin as more active than lauric acid (Kabara, 1972; 1979). 

Aside from its antimicrobial activity, monolaurin was also shown to be effective in blocking 

or delaying the production of exotoxins by pathogenic Gram-positive bacteria (Schlievert et al., 

1992). The mechanism by which monolaurin inhibits the synthesis of staphylococcal toxins and 

other exoproteins was shown to be at the level of transcription. Further, it was shown that 

monolaurin can block the induction of β -lactamase by interfering with signal transduction 

(Projan et al., 1994). Monolaurin inhibited the expression of virulence factors in 

Staphylococcus aureus and the induction of vancomycin resistance in Enterococcus faecalis. It 

was suggested that monolaurin acted by blocking signal transduction (Ruzin and Novick, 2000). 

Various studies have also hypothesized that FAs may damage outer or cytoplasmic 

membrane, hinder macromolecular synthesis or denature proteins and DNA and the effect of 

monolaurin may be similar (Skrivanova et al., 2006). Furthermore, lauric acid has also been 

shown to have positive effects on the health and growth of pigs (Pluske et al., 2018). It most 

likely exerts its effects on the voluntary intake of feed through reduced motility (peristalsis) 

thus increasing transit time through the gastrointestinal tract and (or) through increased 

production and (or) secretion of hormones (e.g., CCK, PYY) known to have adverse effects 

against feed intake (Little et al., 2005; Black et al., 2009). 
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1.9 FORM OF SUPPLEMENTATION OF FAs IN PIG’S DIET 

 

As has been amply explained above, FAs have numerous positive effects on pig health and 

growth. However, giving them in the feed is not easy and the choice of the supplementation 

form is crucial. In fact, when administered in the free form, they are rapidly absorbed by the 

cells of the intestinal mucosa, thereby reducing or even nullifying their effects. The digestion 

of free FAs starts in the stomach and only a little amount of them reaches the small intestine 

(Liu, 2015). Thus, a longer retention time in the gut may afford more extended effects on piglets’ 

gut health. Moreover, the pure form of FAs has an unpleasant odor and taste (Oprean et al., 

2011). 

1.9.1 Esterification 

 

To overcome this problem, FAs are usually used in an esterified form with glycerol. In this 

way, it is possible to delay the absorption of FAs to prolong their effectiveness along the 

gastrointestinal tract. Esterification is a chemical reaction in which an ester and water are 

obtained from an alcohol and an acid. Usually, esters are obtained from the reaction between 

glycerol and one or more fatty acids, or mono-di-triglycerides of FAs (Otera, 2006).  

Numerous studies have reported that it is possible to administer esterified FAs in piglet diet. 

In this way, it is possible to solve the problem related to the unpleasant odor and taste typical 

of free fatty acids, and their absorption in the stomach and in the initial part of the intestine is 

prevented, so as to prolong their effectiveness throughout the GIT (Dierick et al., 2002; 2003).  

However, this process has some disadvantages: the product obtained is a substance similar 

to a paste, whose consistency does not allow its insertion in feed or in drinking water. It is 

necessary to add an inorganic base (usually silica) which modifies its consistency, obtaining a 

more granular and simpler product to be feed mixed. However, adding the inorganic base leads 

to a reduction in the amount of fatty acid in the final product (even 35-40%) because the base 

takes up a lot of space within the molecule. This entails an increase in the dosage, which can 

be disadvantageous also in economic terms, not only for the health of piglets.  

To overcome these problems, another possible and innovative solution can be saponification. 
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1.9.2 Saponification 

 
Saponification is a process that consists in saponified FAs, adding calcium hydroxide or other 

elements, such as magnesium or potassium. It is a hydrolysis between FAs (usually triglycerides) 

and alkali-metal hydroxides, to obtain the salts of fatty acids, also called soaps. It is the reverse 

process of esterification (Schumann and Siekmann, 2005).  

The reaction takes place at about 200°C and 3-4 atmospheres of pressure. The soaps obtained 

are milled in coarse flakes of white-yellowish color, which varies according to the starting fatty 

acid (Cevolani, 2016). The salts of FAs are non-corrosive compounds, easily included in meal 

feed for animals as a homogeneous mixture (Cevolani, 2016) due to their powder form. 

Moreover, their use allows to solve the problems related to the unpleasant odor and taste of 

free FAs and to delay their absorption along the GIT. Saponification is also an effective method 

for bringing a high concentration of FAs into place; in the finished product, only about 7-10% 

is occupied by the element (i.e. Calcium). When it reaches the site of action, the soap breaks 

down and the fatty acid can perform its functions. 

An example of the saponification of a fatty acid is the saponification of lauric acid (C:12) 

with calcium. The production process of the product is as follows: 

• MCFAs (in this case lauric acid) are loaded into a heated mixer, at a temperature for which 

they are already in liquid form; 

• An aqueous dispersion (suspension) of calcium hydroxide is prepared separately; 

• Then, the suspension is added slowly under stirring. The reaction is exothermic and causes 

partial evaporation of the water. 

• When all the suspension has been added, the mixture is heated to terminate the reaction 

and to almost completely eliminate the water, obtaining the soap. Heating is maintained 

until the softening point is reached; at this point zinc oxide (ZnO) is added as a powder (40 

thousand ppm). 

• Subsequently, heating is interrupted but the mixing continued until the mixture is 

completely uniform. At this point, cooling phase started in which the product will start to 

solidify and then break and crumble; 

• At the end of the cooling process a very heterogeneous solid particle compound will be 

obtained. Through the mill grinding, the desired granulometry is obtained. 

The final composition of the product obtained comprises 10% calcium, ZnO (30 ml/kg) and 75% 

of lauric acid. 
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1.10 CELL CULTURE IN PIG RESEARCH  

 

Nowadays, alternatives are being developed not only to reduce the use of antibiotics and 

improve the gut health in animal production, but also to reduce the use of animals in scientific 

studies. Intestinal epithelial cell lines (IEC) provide an approach to the mechanisms of signaling 

pathways related to the interaction between the epithelial cell and bacteria or viruses. Compared 

to the animal model, cell line studies are less expensive, are not associated with ethical concerns, 

and provide a simple, highly controlled model for studying isolated factors, such as the effect 

of innovative nutritional strategies, on the IEC response. 

Basically, there are two types of cell culture: 1) primary cell cultures and 2) continuous cell 

lines. Primary cells are directly isolated from a subject that have limited lifespan, whereas 

continuous cell lines, also referred as established or immortalized, have acquired the ability to 

proliferate with infinite lifespan. There are several means to achieve the immortality of a cell 

line. Tumor cells and undifferentiated cells are inherently immortal, otherwise normal cells can 

be immortalized (confer tumor ability) adding foreign genes through a virus. Continuous cell 

lines from what the scientific community designates as cell lines, are one of the most used and 

useful models to study the effect of a specific factor (feed additives for instance) on a specific 

cell type a the most basic level.  

IEC’s are involved in multiple functions of the digestive system, such as the absorption of 

nutrients and water, exchange of electrolytes and hormone production. Because of its 

permanent exhibition to the external environment, IECs are of key importance for maintaining 

the integrity of the intestinal epithelium and reducing the risk of invasion by external agents, 

forming a physical barrier. They are also crucial for the maintenance of intestinal homeostasis.  

Epithelial intestinal cells help on the physical barrier function due to two physical structures 

of the epithelium (microvillus and tight junctions) that separates the external environment of 

the organism, preventing the invasion of microorganisms. IECs also secrete a large variety of 

antimicrobial peptides, cytokines and chemokines that are activated in a pathological or 

infectious situation enhancing the inflammatory response. During an infection, when a 

pathogen breaches the intestinal mucosa, it is recognized by toll-like receptors (TLRs). TLRs 

are expressed at the intestinal surface playing a key role in the innate immune system, since 

they activate immune cell responses. Between the IEC there are goblet cells that secrete mucus. 

This mucus contains mucins that form a permeable barrier that protects and repairs the intestinal 
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epithelium of any damage. Mucins can also interact with bacteria and have the ability to 

immobilize and eliminate them through the movements of the gut.  

 

 
Fig. 11 – Barrier function of IECs (from Turner, 2009) 

 

Most research has been conducted on human intestinal cell lines that are derived from a 

cancerous colon (e.g., Caco-2) or duodenum and also in small intestinal rat cell lines (e.g., IEC-

6 and IEC-18) which are not cancerous. However, the structure and function of the GIT of 

rodents appear to differ from that of other domestic mammals like swine. Nowadays, there are 

three different porcine intestinal epithelial cell lines:  

• IPI-2I cells isolated from ileal tissue of an adult boar and transformed with a plasmid 

that immortalizes the cells; 

• IPEC-1 cells isolated from a mixture of ileal and jejunal tissues of a day-old piglet. It is 

a non-transformed cell line; 

• IPEC-J2 cells isolated from jejunal tissue of a day-old piglet and is non-transformed.  
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There are basically two types
of cell cultures: (a) primary
cell cultures and (b) continu-

ous cell lines. Primary cells are
directly isolated from a subject that
have limited lifespan, whereas con-
tinuous cell lines, also referred as
established or immortalised, have
acquired the ability to proliferate
with infinite lifespan. 

There are several means to
achieve the immortality of a cell
line: tumor cells and undifferenti-
ated cells are inherently immortal,
otherwise normal cells can be
immortalised (confer tumoral abil-
ity) adding foreign genes through a
virus. 

Continuous cell lines form what
the scientific community designate
as cell lines and are one of the most
used and useful models to study the
effect of a specific factor (for exam-
ple feed additives, drugs, micro-
organisms) on a specific cell type
(epithelial cells, lymphocytes,
fibroblasts) at the most basic level. 

Cells are seeded in a plate and are
grown and maintained at an appro-
priate temperature, gas mixture and
growth media. 

IPEC-J2 is a non-transformed
epithelial cell line isolated from a
neonatal piglet that has been and
still is used as a model of experi-

mental challenges with pathogens,
such as salmonella, E. coli and other
agents.

In this article we explain the use of
IPEC-J2 cell line as a study model
for feed ingredients and additives in
those challenging (infectious) situa-
tions. 

What are IECs? 

The surface of the intestinal epithe-
lium represents an area of approxi-
mately 100m2. It consists of a single
layer of columnar epithelial intesti-
nal cells (IECs) that separates the
intestinal lumen from the external
environment of the host tissue. 

IEC’s are involved in multiple func-
tions of the digestive system, such
as the absorption of nutrients and
water, exchange of electrolytes and
hormone production. 

Because of its permanent exhibi-
tion to the external environment,
IECs are of key importance for
maintaining the integrity of the
intestinal epithelium and reducing
the risk of invasion by external
agents, forming a physical barrier.
They are also crucial for the mainte-
nance of intestinal homeostasis. 

Epithelial intestinal cells help on
the physical barrier function due to
two physical structures of the
epithelium (microvillus and tight
junctions) that separates the exter-
nal environment of the organism,
preventing the invasion of micro-

organisms. IECs also secrete a large
variety of antimicrobial peptides,
cytokines and chemokines that are
activated in pathological or infec-
tious situation enhancing the inflam-
matory response. 

During an infection, when a
pathogen breaches the intestinal
mucosa it is recognised by toll-like
receptors (TLRs). TLR are
expressed at the intestinal surface
playing a key role in the innate
immune system, since they activate
immune cell responses. 

Between the IEC there are globet
cells that secrete mucus. This mucus
contains mucins that form a perme-
able barrier that protects and
repairs the intestinal epithelium of
any damage. Mucins can also inter-
act with bacteria and have the ability
to immobilise and eliminate them
through the movements of the gut. 

Intestinal cell lines

Most research has been conducted
in human intestinal cell lines that are
derived from a cancerous colon (for
example HT-29, T84, Caco-2) or

duodenum (HUTU-80). Also in
small intestinal rat cell lines (for
example IEC-6 and IEC-18), which
are not cancerous. 

However, the structure and func-
tion of the gastrointestinal tract of
rodents appear to differ from that
of other domestic mammals like
swine. 

Nowadays, there are three differ-
ent porcine intestinal epithelial cell
lines: 
● IPI-2I cells were isolated from
ileal tissue of an adult boar and
were transformed with a plasmid
that immortalises the cells. 
● IPEC-1 cells were isolated from a
mixture of ileal and jejunal tissue of
a day old piglet. It is a non-trans-
formed cell line. 
● IPEC-J2 cell line was isolated
from jejunal tissue of a day old piglet
and is non-transformed. 

The lack of intestinal epithelial cell
lines not derived from tumors and
the specificity for swine stands the
importance of IPEC-J2 cell line, fur-
ther considering that it can appro-
priately support infections by a large
variety of micro-organisms. Most

Continued on page 9

Importance of intestinal
cells for gut health –
IPEC studies 

Fig. 1 . IPEC-J2  cells attached at the well-plate surface.

Fig. 2 . Barrier function of IECs (J. R. Turner, 2 0 0 8 ).
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1.10.1 IPEC-J2 PORCINE CELL LINE 

 

IPEC-J2 has become more used since the characterization done by Shierack et al., (2006) but 

they were originally isolated from the jejunal epithelium of a neonatal unsuckled piglet in 1989 

by Helen Berschneider at the University of North Carolina (Berschneider 1989). Given the 

correct culture conditions, these cells will divide and grow for an infinite number of passages 

in vitro. To date, they have been cultured continuously for up to 98 passages.  

The strength of the IPEC-J2 cell line as an in vitro model originates from its morphological 

and functional similarities with intestinal epithelial cells in vivo. IPEC-J2 cells have microvilli 

on their apical side and tight junctions sealing neighboring cells together (Schierack et al., 2006). 

To date, no brush border enzyme activity has been investigated in IPEC-J2 cells. IPEC-J2 cells 

form polarized monolayers when cultured on 0.4 μm pore-size filters, with or without a collagen 

basis. High transepithelial electrical resistance (TEER) values and low active transport rates are 

obtained when culturing the IPEC-J2 cells in fetal bovine serum (Geens and Niewold 2011). 

These atypically high TEER values can be beneficial to use when investigating compounds 

having a negative effect on the monolayer permeability or tight junction structures (Vergauwen 

et al., 2015). Porcine serum resulted in significantly lower TEER values and higher active 

transport rates comparable to the in vivo situation (Zakrzewski et al., 2013). When IPEC-J2 

cells are grown in 10 % PS they will become taller and smaller in diameter, increasing the tight 

junction ultrastructure (Zakrzewski et al., 2013). 

The protein expression of claudin-1, -3, -4, -5, -7, -8, -12, tricellulin, occludin, E-cadherin 

and zonula occludens-1 (ZO-1) by IPEC-J2 cells has been confirmed by immunoblotting 

(Zakrzewski et al., 2013. On the other hand, IPEC-J2 cells do not express claudin-2 and -15 

resulting in lower cation selectivity, augmenting the ion permeability of tight junctions 

compared to the porcine jejunum (Zakrzewski et al., 2013; Schierack et al., 2006). 

IPEC-J2 cells express and produce cytokines, defensins, toll-like receptors and mucins. The 

presence of glycocalyx-bound mucins like Muc1 and Muc3 has been confirmed in IPEC-J2 

cells, respectively by RT-PCR and ELISA. The expression of the Muc2, the major gel-forming 

mucin in the human small intestine, was not detectable by RT-PCR (Schierack et al., 2006). 

Thus, the mucus production by IPEC-J2 cells is not comparable to the in vivo situation. The 

mucus layer is only a very thin layer that is superimposed on the IPEC-J2 cells when cultured 

with fetal bovine serum. However, PAS staining showed an increase in mucus production when 

IPEC-J2 cells were cultured with porcine serum (Zakrzewski et al., 2013). 
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IPEC-J2 cells express proteins such as MHC I and secrete cytokines like GM-CSF and TNF-

α that can establish communication between enterocytes and the immune system. Furthermore, 

mRNA expression of TLR-1, -2, -3, -4, -5, -6, -8, -9, -10 and IL-1α, -1β, -6, -7, -8, -12A, -12B, 

-18 has been confirmed in IPEC-J2 cells. TLR-2, -3, -5, -9 and IL-6, -8 proteins were also 

detected in these cells (Brosnahan and Brown, 2012; Arce et al., 2010; Burkey et al., 2009). 

IPEC-J2 cells express the F4 fimbrial receptor but not the F18 fimbrial receptor as this has been 

correlated to older pigs (3–23 weeks). These features make IPEC-J2 cells an interesting in vitro 

model to investigate the pathogenesis of zoonotic enteric infections that also affect humans. 
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2.1 OBJECTIVES 

 
Global food production is driving demand for increased livestock growth performance and 

animal product safety, resulting from an ever-growing human population. Innovative nutritional 

strategies have a key role in an optimized animal production system.  The ultimate aim of these 

strategies is to maximize productivity, while minimizing the use of antibiotics as wanted from 

the “One health” approach. Therefore, the aim of this work was to evaluate the effects of 

different short and medium chain fatty acids on growth performance and gut health of pigs. To 

achieve this object four different trial were designed. In the first one, the aim was to study the 

consequences of dietary lauric acid saponified with calcium supplementation in weaning piglets 

as a potential antibiotic replacer acting on pig’s growth and some gut health parameters. The 

second trial moved to the assessment of the effects of one short chain (tributyrin) and one 

medium chain (monolaurin) fatty acid supplemented together in pigs’ diet to improve their 

growth performance and gut health. Then, with the third trial, considering the results obtained 

in the first trial, the focus was put on the effects of lauric acid saponified with calcium 

supplementation starting from the last 3 weeks of gestation in sows’ diet on productivity, 

growth performance and health of the sows and their offspring. Finally, the fourth trial aim was 

to assess the effect of fatty acids and different milk fractions on porcine IPEC-J2 cell line 

proliferation and viability. 
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3.1 ABSTRACT 

Decreasing the use of antibiotics in pig husbandry is one of the largest challenges for pig 

production. The scientific community has investigated numerous alternative substances 

to antibiotics, including medium chain fatty acids, due to their antimicrobial and 

protective effects on the gut health of piglets. The present study investigates the effect of 

lauric acid saponified with calcium on the growth performance and gut health parameters 

in post-weaning piglets. A total of 192 24-day-old piglets were assigned to one of three 

dietary treatments: CTR (basal diet alone), ANT (amoxicillin, 400 mg/kg), or C12-Ca 

(lauric acid saponified with calcium, 1 g/kg) for 28 days. C12-Ca did not affect 

performance, except for feed efficiency (FE), which increased (P<0.05) in the C12-Ca 

and ANT groups from 15 to 28 days. On days 0 to 28, FE was higher (P<0.001) in the 

C12-Ca group compared to the CTR group. C12-Ca and CTR supplementation decreased 

the antibiotic treatments against diarrhoea (P<0.05). A greater concentration of lactic acid 

was found in the C12-Ca group in the small intestine (P<0.001). Acetic acid concentration 

decreased under C12-Ca treatment in the caecum (P<0.001). No differences in the 

microbial populations of IL-10, IL-6, IgA, and IgG were found. In the duodenum and 

ileum, C12-Ca administration provided a higher total antioxidant capacity and lower 

malondialdehyde level (P<0.001). C12-Ca improved jejunal crypt depth and villus height: 

crypt depth ratio and ileal villus height and width (P<0.001). Our findings suggest that 

C12-Ca administration modulates the gut antioxidant status and ameliorates some 

parameters of the jejunum and ileum morphology of post-weaning piglets. 

 

Keywords: Lauric acid, saponification, piglets, gut health 
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3.2. INTRODUCTION 

It is widely reported that weaning stress entails changes in gut structure and function and may 

cause developmental delays in piglets (Pluske et al. 1997; Yin et al. 2014). Antibiotics have 

long been used as growth promoters and therapeutic medicine to address these issues. However, 

the scientific community has recognized that this practice poses a serious threat to both humans 

and livestock due to increases in drug-resistant pathogens (Czaplewski et al. 2016). Thus, 

interest in alternative substances, such as medium-chain fatty acids (MCFAs), has increased 

due to their antimicrobial and protective effects on the intestinal microarchitecture of piglets 

(Hanczakowska 2017). 

MCFAs are a family of 6–12 carbon atoms in length and straight-chain saturated free fatty 

acids, including lauric acid (C12:0). MCFAs are naturally present in coconut oil (Dayrit 2015), 

cow’s milk, and human breast milk (Jensen 2002). Previous studies have shown that MCFAs 

improve the growth performance of piglets and prevent the negative effects associated with 

weaning (Zentek et al. 2011). Furthermore, in vitro studies have shown that MCFAs have 

antibacterial activity, particularly lauric acid, which shows great efficacy against Gram-positive 

bacteria (Lieberman et al. 2006; Dayrit 2015).  

The primary effect of the antimicrobial mechanism of MCFAs is to damage the bacterial cell 

membrane. The membranolytic behaviour of MCFAs is derived from their amphipathic 

properties, which allow these molecules to adhere to the cell membrane, causing destabilization 

and pore formation (Desbois and Smith 2010). Destabilization of the membrane causes an 

increase in cellular permeability, leading to the inhibition of bacterial cell growth or directly to 

cell death. MCFAs can also alter the vital processes of bacterial cells, including the electron 

transport chain and oxidative phosphorylation, which are essential for energy production (Yoon 

et al. 2018). 

In this context, lauric acid could represent a valid alternative for the prevention of 

streptococcal infections in post-weaned piglets. However, when administered in a free form, 

MCFAs are rapidly absorbed by the cells of the intestinal mucosa, thereby reducing or 

nullifying their effects (Li et al. 2015). A longer retention time in the gut may afford more 

extended effects on piglets’ gut health. To overcome this problem, MCFAs are used in an 

esterified form with glycerol. In this way, it is possible to delay the absorption of MCFAs to 

prolong their effectiveness along the gastrointestinal tract.  

However, esterification has some disadvantages. The obtained product is a gel-like 

substance, the consistency of which makes it difficult to add to feeds. Furthermore, since the 
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antibacterial effects of fatty acids (FAs) also depend on the dosage and quantity of the active 

principle present in the intestinal lumen, esterification may limit the use of FAs. The 

esterification process requires the addition of an inorganic base (usually silica) that modifies 

the consistency of the mixture, resulting in a granular product that is easier to mix. However, 

the addition of inorganic bases leads to as much as a 40% reduction in the number of FAs in 

the final product, reducing their effects.  

One innovative solution might be saponification, a process that involves saponifying the FAs 

of a triglyceride by adding calcium hydroxide or other elements to obtain the salts of the FAs 

(soaps), which can be easily included in meal feed for animals due to its form as a powder 

(Schumann and Siekmann 2005). Saponification could also be an effective method to introduce 

higher concentrations of MCFAs into the final product. In particular, lauric acid saponified with 

calcium is composed of 75% lauric acid and 10% calcium.  

Since there is no published information on the effects of the dietary supplementation of C12-

Ca soaps in post-weaning piglets, we designed the experiment presented here to test the 

effectiveness of these soaps. Therefore, the aim of this study was to evaluate the effect of lauric 

acid saponified with calcium on the gut health and growth performance of post-weaning piglets 

and assess its possible efficacy as a dietary strategy for reducing prophylactic antibiotics. 
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3.3 MATERIALS AND METHODS 

The experimental protocol was reviewed and approved by the Animal Welfare Committee of 

the Università degli Studi di Milano (application No. OPBA_147_2017). 

 

3.3.1 Animals, housing, and experimental design  

 

The experiment was performed at the Animal Production Research and Teaching Centre of the 

Polo Veterinario, Università degli Studi di Milano (Lodi, Italy). The study was performed on a 

total of 192 weaned crossbreed Topigs piglets (average weight = 9.33 ± 1.90 kg). The trial 

started at the weaning of the piglets at 24 post-natal days and lasted 28 days in total. The 

weaning of the piglets was considered day 0 of the trial. The pigs were housed in two 

experimental rooms with 24 pens each and 4 pigs/pen. Each pen had plastic slatted floors and 

was fitted with an adjustable stainless-steel feeder and two nipple waterers. The rooms were lit 

by a combination of daylight through skylights and artificial light. The temperature, humidity, 

CO2, and ammonium concentration of the air was automatically controlled. Ventilation was 

achieved by single, variable-speed fans linked to temperature sensors. The temperature inside 

the building was approximately 28 °C at the start of the trial and adjusted weekly until a final 

temperature of 24–25 °C was obtained. The relative humidity was controlled at 60–70%. The 

pigs had water and feed, provided in meal form, available ad libitum. All piglets were fed a 

standard commercial diet formulated to meet or exceed nutrient requirements for post-weaning 

piglets (NRC 2012) (Table 4). 
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Tab. 4 - Ingredients and chemical compositions of the prestarter (administrated from 0 to 14 study days) and 
starter (administrated from 15 to 28 study days) basal diets fed to post-weaning piglets during the trial (as-fed 
basis, %). 

 Basal diets 
 Prestarter (0–14 study days) Starter (15–28 study days) 
Ingredients (%) 
Barley meal 

 
20.71 

 
20.00 

Wheat meal 16.08 17.42 
Sweet whey 10.00 5.00 
Maize meal 8.32 22.00 
Soycomil R 6.50 4.50 
Flacked wheat 6.00 3.00 
Dextrose 5.00 2.50 
Flacked maize 5.00 3.50 
Flacked barley 4.00 -- 
Soybean meal 48% CP 4.00 9.00 
Wheat middlings 3.00 5.00 
Herring meal 2.50 1.50 
Plasma AP 820 2.50 0.50 
Soybean oil 3.00 1.40 
Cellulose 1.00 0.75 
L-Lysine 0.55 0.45 
Dicalcium phosphate 0.50 0.60 
Calcium carbonate 0.40 0.60 
L-Threonine 0.25 0.15 
Vitamins+trace elements1 0.25 0.25 
DL-Methionine 0.23 0.10 
Salt 0.15 0.25 
L-Tryptophan 0.06 0.03 
Animal fat -- 1.50 
Analysed composition 
DM, % 

 
90.29 

 
89.34 

CP, % 18.27 16.63 
EE, % 4.95 5.04 
CF, %  2.94 3.17 
Ash, % 4.47 4.34 
Calcium, % 0.57 0.61 
Phosphorus, % 0.55 0.53 
Calculated composition 
DE, kcal/kg 

 
3500 

 
3420 

NE, kcal/kg 2480 2440 
Lysine, % 1.37 1.13 
Methionine +Cystine, % 0.87 0.70 
Threonine, % 0.96 0.78 
Tryptophan, % 0.27 0.22 

CP: crude protein; DM: dry matter; EE: ether extract; CF: crude fibre. 
1Vitamin-mineral premix supplies per kg as fed: Vitamin A: 10 000 IU; Vitamin D3: 1.000 IU; Vitamin E: 50 mg; 
Vitamin B1: 1.0 mg; Vitamin B2: 3.0 mg; Vitamin B12: 0.02 mg; Vitamin B6: 3.0 mg; Pantothenic acid: 10 mg; 
Nicotinic acid: 15 mg; Biotin: 0.06 mg; Vitamin PP: 0.35 mg; Folic acid: 0.99 mg; Vitamin K3: 2 mg; Choline: 
300 mg; Fe: 100 mg; Cu: 20 mg; Co: 0.75 mg; Zn: 100 mg; Mn: 10 mg; I: 0.75 mg; Se: 0.4 mg; Ethoxyquin: 
150 mg. 
 

The basal diet was divided into pre-starter (administered from 0 to 14 days of the trial) and 

starter (administered from 15 to 28 days of the trial). The piglets were randomly allocated to 1 

of 3 dietary treatments with 16 replicate pens per treatment. The experimental unit was the pen. 

Dietary treatments were as follows: the basal diet (CTR), ANT diet (CTR + 400 mg/kg 
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amoxicillin), and C12-Ca diet (CTR + 1 g/kg C12-Ca). A C12-Ca soap (DRAX S) product 

containing 30mg/kg of zinc oxide (0.03 g/kg) by DC Practical Solution (Via Petrarca 4, 20123, 

Milan, Italy) was used. The C12-Ca soaps were created by saponification, combining 750 g/kg 

lauric acid and 100 g/kg calcium hydroxide.  

3.3.2 Animal health and therapeutic treatments 

The veterinary doctor responsible for animal welfare during the trial made the diagnoses of 

Streptococcus suis and diarrhea and decided upon the antibiotic therapy. The carcasses of the 

dead animals were sent to the Pathological Anatomy Laboratory of the University of Milan for 

necropsy analyses. Piglets eventually treated with antibiotics were excluded from the sample 

collection.  

3.3.3 Measurements and samples  

Pigs and feeders were weighed at 0, 14, and 28 days of the trial to determine their body weight 

(BW), average daily gain (ADG), average daily feed intake (ADFI), and feed efficiency (FE). 

Mortality and pathologies were recorded daily. Faecal samples were collected directly from the 

rectum of one piglet per replicate for each treatment (n=16) at weaning (0 day of the trial), at 

diet change (14 days of the trial), and at the end of the trial (28 days of the trial). Aliquots of 

faecal samples were immediately transported to the laboratory in a refrigerated container (4 °C) 

for microbial analysis, and other aliquots were stored at -20 °C for their immunomodulatory 

and anti-inflammatory parameters. At the end of the trial (28 days of the trial), six piglets from 

different cages were randomly chosen from each dietary treatment and slaughtered in 

accordance with current regulations at a local commercial slaughterhouse to collect the 

intestinal tissues and digesta content samples. The entire intestinal tracts were removed, and 

different sections of the duodenum, jejunum, ileum, and caecum were obtained from each 

animal. Approximately 1 cm segment each of the duodenum, jejunum, and ileum was promptly 

fixed in 10% paraformaldehyde in 0.01 M phosphate-buffered saline, pH 7.4, for 24 hours at 4 

°C for histological measurements (n=6). Segments of 1 cm were also obtained from each tract 

of the small intestine to analyse the antioxidant parameters (n=6). Other sections from the 

duodenum, ileum, and caecum were emptied of their intestinal contents by squeezing them 

directly into 50 ml Falcon tubes, immediately frozen and stored at -80 °C to determine their 

fermentative (5 ml of intestinal content) parameters (n=6). The final set of sections from the 

duodenum, ileum, and caecum were refrigerated (4 °C) and transported to the laboratory to 
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analyse their microbial populations (1 g of intestinal content) (n=6). 

3.3.4 Morphological analysis of the small intestine 

Following 24 hours of fixation in 10% paraformaldehyde, the segments of the duodenum, 

jejunum, and ileum were dehydrated in a series of solutions with increasing alcohol content, 

immersed in a solution of xylene, and finally encased in paraffin. Paraffinic blocks were cut 

into 5 μm sections using a rotating microtome (Microm HM335E). The sections were collected, 

placed on slides, and then stained using haematoxylin-eosin for analysis. The slides were 

evaluated with a Nikon Eclipse E600 microscope equipped with a Ds-fi2 camera. The images 

of the sections were observed at 200x magnification and processed using the NIS-Elements 

software. The morphometry was quantified by measurements of the villi and crypts. A 

minimum of twenty well-oriented and intact villi and crypts were selected per image. The villus 

length was measured from the tip of the villus to the villus–crypt junction. Crypt depth was 

defined as the depth of the invagination between adjacent villi. The measurements were made 

with the ImageJ software. 

3.3.5 Count of the microbial population in the intestinal contents and faeces 

Bacterial counts (viable counts; log10 CFU/g) in the contents of the duodenum, ileum, caecum, 

and faeces were performed using the ring-plate technique (Michiels et al., 2010). Seven serial 

10-fold dilutions were made from fresh digesta and faeces in a sterilized peptone solution 

(peptone, 1 g/L; agar, 0.4 g/L; NaCl, 8.5 g/L; and cysteine, 0.7 g/L) and plated onto selective 

media (Oxoid) to count the following bacterial groups: Escherichia coli (Tryptone bile x-

glucuronide agar, followed by incubation for 72 hours at 30 °C under 90% N2 and 10% CO2), 

coliform bacteria (violet red bile lactose agar, followed by incubation for 24 hours at 37 °C 

under 90% N2 and 10% CO2), anaerobic sulphite reducer (iron sulphite agar, followed by 

incubation for 24–48 hours at 37 °C under 90% N2 and 10% CO2), Lactobacillus (De Man, 

Rogosa and Sharp agar, followed by incubation for 72 hours at 30 °C under 90% N2 and 10% 

CO2), Enterococcus and Streptococcus (Slanetz and Bartley agar, followed by incubation for 

24 hours at 44 °C under 90% N2 and 10% CO2), Enterobacteriaceae (violet red bile glucose 

agar, followed by incubation for 24 hours at 37 °C under 90% N2 and 10% CO2), and total 

viable count (TVC) (plate count agar, followed by incubation for 72 hours at 30 °C). 
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3.3.6 Fermentative parameters in intestinal contents  

Volatile fatty acids (VFAs) were determined using gas chromatography equipped with a 

capillary column according to the methods described by Erwin et al. (1961). Lactic acid 

concentrations were determined by the method described by Raeth-Knight et al. (2007). Briefly, 

1 mL of 25% metaphosphoric acid was mixed with 5 mL of fresh digesta in a 15 mL centrifuge 

tube, and the mixture was frozen overnight. Samples were then thawed, neutralized with 0.4 

mL of 25% NaOH, and vortexed. Thereafter, to condition the column, 0.64 mL of 0.3 M oxalic 

acid was added to the VFA and lactic acid standards and samples. After vortexing, the samples 

were centrifuged for 20 min at 3,000 × g and 4 °C, and 2 mL of supernatant was transferred 

into gas chromatography vials for analysis. 

3.3.7 Pro- and anti-inflammatory cytokines and immunoglobulins in faeces 

Pro- and anti-inflammatory cytokines, namely, Interleukin 6 (IL-6) and Interleukin 10 (IL-10), 

were evaluated in the faecal samples collected directly from the rectum of one piglet per pen 

for each treatment (n=16) at 0, 14, and 28 days of the trial. The analyses were performed by an 

enzyme immunoassay (Swine IL-6 ELISA Kit, Thermo Fisher; Swine IL-10 ELISA Kit, 

Thermo Fisher) following the manufacturer’s instructions. Immunoglobulins IgG (specific for 

Streptococcus suis) and IgA were also analysed by ELISA kits (Porcine Streptococcus suis 

Antibody ELISA Test Kit, Krisghen Biosystems; Immunoglobulin A ELISA Kit, -R-Biopharm 

AG) according to the manufacturers’ instructions. Only faeces were used to analyse the 

interleukins and immunoglobulins because blood sampling was considered a stressful 

procedure for the animals. Faecal sampling is a non-invasive technique that involves less 

stressful handling of the piglets. 

3.3.8 Total antioxidant capacity (TAOC) and Malondialdehyde (MDA) in intestinal 

tissue 

Frozen intestinal tissues samples (0.1 g) of the duodenum, ileum, and caecum were 

homogenised using a ultraturrex with cold physiological saline solution, maintained in ice, and 

centrifuged (3,000 × g for 15 min, 4 °C). Supernatants were then collected for analysis. 

Malondialdehyde (MDA) is one of most extensively studied end-products of polyunsaturated-

lipid peroxidation under radical-induced oxidative stress conditions. The MDA concentration 

in the intestinal tissue was calculated via the acid extraction of homogenized tissue for 2 hours 
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under room temperature and protected from light. Subsequently, the derivatization of the extract 

to facilitate liquid chromatographic separation was carried out with 2.4-dinitrophenylhydrazine. 

After derivatization, MDA was measured via LC-MS/MS using an internal method 

(Laboratorio Vailati srl, Via S. Rocco, 25020 San Paolo, Brescia, Italy). The total antioxidant 

capacity (TAOC) activity was determined by commercial kits (ab65329, Abcam) following the 

manufacturer’s instructions.  

3.3.9 Statistical analysis 

A completely randomized design was used. Growth performance was analysed using the 

Statistical Analysis System software (SAS version 9.4) applying a MIXED procedure for 

repeated measurements and accounting for the effects of treatment, time, and treatment × time 

interaction. The average daily gain (0–28 study days), average daily feed intake (0–28 study 

days), feed efficiency ratio (0–28 study days), fermentative parameters, fecal microbiology, 

IgA, IL-6, TAOC, and MDA, and intestinal morphology were analysed using a one-way 

analysis of variance (ANOVA) to compare the means of the three groups using the GLM 

procedure in SAS. For the statistical analysis of mortality and antibiotic treatment, Fisher’s 

exact test was used. The pen represented the experimental unit for the growth performance 

parameters, while each pig represented the experimental unit for mortality and antibiotic 

treatment, fermentative parameters, fecal microbiology, IgA, IL-6, TAOC, and MDA. Intestinal 

morphology was analysed using a one-way analysis of variance (ANOVA) followed by a post 

hoc Tukey’s test in SAS. All numerical data in the tables are presented as the least-square means 

(LSMeans) accompanied by the standard error of the mean (SEM) values. Differences between 

groups were considered statistically significant at P<0.05. 

 

3.4 RESULTS 

3.4.1 Animal performance and health 

Table 2 summarizes the piglet growth performance data. No differences in BW, ADG, or ADFI 

were observed among groups. Conversely, the FE from 15 to 28 days was significantly (P<0.05) 

higher in the C12-Ca soap and ANT groups than in the CTR group. Considering the 0–28 day 

study period, the C12-Ca diet showed a significantly (P<0.001) higher FE compared to the CTR 

group but a lower FE compared to the ANT group (P<0.001). 
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Tab. 5 - Growth performance parameters of post-weaning piglets fed a basal diet alone (CTR) or supplemented 

with amoxicillin (ANT, 400 mg/kg) or lauric acid saponified with calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 Dietary treatment  p-value 
Parameter CTR ANT C12-Ca SEM Tr. Tm. Tr*Tm 
No. pigs/treat 
BW (kg) 

Day 0 
Day 14 
Day 28 

ADG (g/d) 
Days 0-14 
Days 15-28  
Days 0-28  

ADFI (g/d) 
Days 0-14  
Days 15-28 
Days 0-28  

FE 
Days 0-14  
Days 15-28  
Days 0-28  

64 
 

9.3 
13.9 
22.0 

 
335 
572 
453 

 
510 
964 
737 

 
0.64b 
0.57a 
0.60c 

64 
 

9.3 
14.9 
23.6 

 
398 
626 
512 

 
542 
1006 
774 

 
0.73a 
0.62b 
0.66a 

64 
 

9.3 
14.2 
22.7 

 
344 
614 
479 

 
535 
994 
765 

 
0.65b 
0.62b 
0.63b 

 
 

0.34 
 
 
 

173.07 
 

14.77 
 

309.12 
 

39.47 
 

0.01 
 

0.01 

 
 

0.007 
 

 

 
0.005 

 
0.059 

 
0.474 

 

0.628 
 

0.001 
 

0.001 

 
 

<0.001 
 
 
 

<0.001 
 
 
 

<0.001 
 
 
 

<0.001 
 
 

 
 

0.198 
 
 
 

0.456 
 
 
 

0.988 
 
 
 

0.023 
 
 

All results are presented as mean ± SEM. BW: body weight; ADG: average daily gain; ADFI: average daily feed 
intake; FE: feed efficiency; Tr: treatment; Tm: time; Tr*Tm: treatment*time 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference 
 

3.4.2 Mortality and antibiotic treatment  

As shown in Table 3, during the trial, ten piglets died: 7 in the CTR group and 3 in the C12-Ca 

group. The ANT group suffered no mortality with a significant difference compared to the CTR 

group (P<0.05). Eight piglets were treated against Streptococcus suis—5 in the CTR group and 

3 in the C12-Ca group—with individual injections of Amoxicillin, but there were no significant 

differences between groups. Notably, the three treated piglets in the C12-Ca group completely 

recovered. One piglet in the CTR group and nine in the ANT group were treated for diarrhoea 

with individual injections of Enrofloxacin, whereas no piglets in the C12-Ca group were 

affected by diarrhoea. Therefore, the diarrhoea cases were significantly (P<0.05) higher in the 

ANT group than in the C12-Ca and CTR groups.  
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Tab. 6 - Mortality and antibiotic treatment of post-weaning piglets fed a basal diet alone (CTR) or supplemented 

with amoxicillin (ANT, 400 mg/kg) or lauric acid saponified with calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 Dietary treatment p-value 
 

Parameter 
CTR ANT C12-Ca CTR vs 

ANT 
CTR vs 
C12-Ca 

ANT vs 
C12-Ca 

No. Pigs/Treat. 
Dead 

64 
7a 

64 
0b 

64 
3ab 

 
0.013 

 
ns3 

 
ns 

Treated with antibiotics: 
Streptococcus suis  
Diarrhoea  

 
5 
1b 

 
0 
9a 

 
3 
0b 

 
ns 

0.017 

 
ns 
ns 

 
ns 

0.003 
Data are presented as Fisher test and chi-square tests results. ns: not significant 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference 

 

3.4.3 Fermentative parameters 

Table 4 shows the data on acetic and lactic acid in the intestinal contents of the duodenum, 

ileum, and caecum. The C12-Ca group displayed the significantly (P<0.001) highest 

concentration of lactic acid in the small intestine and caecum. The acetic acid concentration in 

the C12-Ca and ANT groups significantly (P<0.001) decreased compared to the CTR group in 

the duodenum, ileum, and caecum. The propionic, butyric, and valeric acid results were under 

<0.1 g/100 g.  

Tab. 7 - Acetic and lactic acid concentration in the duodenum, ileum, and caecum content in post-weaning 

piglets fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or lauric acid 

saponified with calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 

 

 

 

 

 

 

 
All results are presented as mean ± SEM 

1Pigs 24 post-natal days of age at the beginning of the trial 
a,b.cWithin rows, different superscript letters indicate a significant difference 

 

3.4.4 Intestinal content and faeces microbial populations 

As shown in Table 5, C12-Ca soap treatment did not affect the microbial population in the 

faeces. Similarly, no significant differences in microbial populations were found between 

 Dietary treatment  
Parameter CTR ANT C12-Ca SEM p-value 
No. Pigs/Treat. 
Acetic acid (mmol/kg) 
Duodenum  

6 
 

25.64b 

6 
 

21.65a 

6 
 

20.15a 

 
 

0.005 

 
 

<0.001 
Ileum  
Caecum  

42.96a 
33.47a 

38.63b 
29.47b 

36.97b 
26.81c 

0.006 
0.007 

<0.001 
<0.001 

Lactic acid (mmol/kg)  
Duodenum  12.21c 14.10b 20.98a 0.006 <0.001 
Ileum 
Caecum  

22.87c 
11.43c 

26.64b 
12.54b 

33.41a 
20.87a 

0.009 
0.007 

<0.001 
<0.001 
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groups in the duodenum, ileum, and caecum content (data not shown). 

Tab. 8 - Faecal microbial populations (Log10 CFU/g) of the post-weaning piglets fed a basal diet alone (CTR) 

or supplemented with amoxicillin (ANT, 400 mg/kg) or lauric acid saponified with calcium (C12-Ca soaps, 1 

g/kg) for 28 days1. 

 Dietary treatment   
Parameter CTR ANT C12-Ca SEM p-value 
No. Pigs/Treat. 
Faeces (Study days 0) 

16 16 16   

Escherichia coli 3.4 4.2 4.1 0.22 ns 

Coliforms 3.4 5.6 4.8 0.23 ns 
Anaerobic sulphite reducers 4.4 5.8 5.6 0.14 ns 
Lactobacillus 6.6 6.7 5.6 0.11 ns 
Enterococcus/Streptococcus 3.1 5.2 5.0 0.18 ns 
Enterobacteriaceae 4.1 4.5 3.7 0.15 ns 
TVC 5.7 6.1 5.6 0.28 ns 

Faeces (Study days 14) 
Escherichia coli 2.8 3.1 4.2 0.25 ns 
Coliforms 2.1 3.6 4.1 0.23 ns 
Anaerobic sulphite reducers 2.2 2.7 3.0 0.14 ns 
Lactobacillus 6.1 6.1 7.4 0.22 ns 
Enterococcus/Streptococcus 3.3 3.3 4.5 0.18 ns 
Enterobacteriaceae 2.9 3.9 3.1 0.30 ns 
TVC 6.8 5.3 5.4 0.43 ns 

Faeces (Study days 28) 
Escherichia coli 2.1 3.1 5.0 0.14 ns 
Coliforms 2.1 3.4 6.1 0.23 ns 
Anaerobic sulphite reducers 2.5 3.2 3.0 0.14 ns 
Lactobacillus 6.9 7.4 7.2 0.14 ns 
Enterococcus/Streptococcus 3.6 3.1 4.6 0.18 ns 
Enterobacteriaceae 2.4 2.7 3.3 0.25 ns 
TVC 5.8 5.7 6.1 0.40 ns 

All results are presented as mean ± SEM. TVC: total viable count; ns: not significant. 
1Pigs 24 post-natal days of age at the beginning of the trial 
 

3.4.5 Antioxidant and anti-inflammatory status  

Regarding the IL-6, IL-10, IgA, and Streptococcus suis IgG results, no significant differences 

in IgA and IL-6 were found between the three groups. In particular, the average IgA content in 

faeces was 36.30±4.41 µg/g, 36.16±6.54 µg/g and 33.73±2.63 µg/g, while the average IL-6 

concentration was 689.34±88.83 pg/g, 445.81±47.67 pg/g, and 294.96±32.15 pg/g at 0, 14, and 

28 study days of the trial, respectively. The IL-10 values were below the limit of detection 

(<7.80pg/g). The quantitative analysis of IgG specific for Streptococcus suis in faeces was 

negative for all the samples analysed. In contrast, the results of the antioxidant parameters in 

the duodenum, ileum, and caecum tissue (Table 6) showed that the addition of C12-Ca soaps 

led to an improvement (P<0.001) in total antioxidant capacity of 13% and a reduction in 

malondialdehyde levels (P<0.001) of 17% in the duodenum and ileum compared to the CTR 
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and ANT groups. MDA was also reduced in the caecum in pigs fed C12-Ca and ANT compared 

to CTR (P<0.001). 

Tab. 9 - Concentration of TAOC and MDA in the duodenum, ileum, and caecum tissue in post-weaning piglets 

fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or lauric acid saponified with 

calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 Dietary treatment  
Parameter CTR ANT C12-Ca SEM p-value 
No. Pigs/Treat. 
MDA (nmol/mg) 

6 6 6   

Duodenum 2.53a 2.08b 1.86c 0.10 <0.001 
Ileum 
Caecum 

2.51a 
2.51a 

2.13b 
2.10b 

1.87c 
1.90b 

0.10 
0.10 

<0.001 
<0.001 

TAOC (nmol/µl TROLOX eq.)  
Duodenum 4.27c 4.58b 5.13a 0.14 <0.001 
Ileum 
Caecum 

5.98b 
6.23b 

6.21b 
6.59ab 

6.93a 
7.15a 

0.13 
0.11 

<0.001 
<0.001 

All results are presented as mean ± SEM. MDA: malondialdehyde; TAOC: total antioxidant capacity. 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,b,cWithin rows, different superscript letters indicate a significant difference  

 

3.4.6 Duodenum, jejunum, and ileum morphology 

Table 7 shows the data for the morphology of the small intestine. No statistical differences were 

found in the duodenum for villus height (VH), villus width (VW), or crypt depth (CD). Only 

the villus height: crypt depth ratio (VH:CD) was significantly (P<0.01) higher in the CTR than 

the C12-Ca treatment group in the duodenum. In the jejunum, VH significantly (P<0.001) 

increased in the ANT group compared to the CTR and C12-Ca groups. VW was significantly 

(P<0.05) higher in the ANT group compared to the CTR group, whereas CD decreased 

(P<0.001) in the C12-Ca group compared to the CTR and ANT groups in the jejunum. In 

contrast, VH:CD increased (P<0.05) in the pigs supplemented with C12-Ca soap compared to 

the control group in the jejunum. However, C12-Ca soap ameliorated the villus morphology in 

the ileum, where VH and VW were significantly (P<0.001) higher in the animals fed C12-Ca 

soap compared to the CTR and ANT diets. Crypt depth increased in the CTR and C12-Ca 

groups compared to ANT, while the VH:CD ratio was greater in the ANT treatment group 

(P<0.001). 
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Tab. 10 - Intestinal morphology parameters of the duodenum, jejunum, and ileum of the post-weaning piglets 

fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or lauric acid saponified with 

calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 Dietary treatment  
Parameter CTR ANT C12-Ca SEM p-value 
No. Pigs/Treat. 
Villus height (μm) 

Duodenum 

6 
 

233 

6 
 

226 

6 
 

211 

 
 

10.39 

 
 

ns 
Jejunum 192b 225a 172b 7.86 <0.001 
Ileum 172b 173b 211a 6.74 <0.001 

Villus width (μm)      
Duodenum 125 128 105 7.35 ns 
Jejunum 92b 117a 113ab 5.36 <0.05 
Ileum 96b 100b 128a 5.04 <0.001 

Crypt depth (μm)      
Duodenum 111 134 134 7.79 ns 
Jejunum 147a 127a 99b 7.61 <0.001 
Ileum 151a 78b 146a 6.19 <0.001 

VH:CD ratio      
Duodenum 2.3a 2.0ab 1.7b 0.99 <0.01 
Jejunum 1.6b 1.9ab 2.0a 0.13 <0.005 
Ileum 1.3b 2.6a 1.5b 0.13 <0.001 

All results are presented as mean ± SEM. VH:CD ratio: Villus height: crypt depth ratio; ns: not significant 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference. 
 

3.5 DISCUSSION 

Weaning is one of the most stressful events in the lifecycle of piglets and results in reduced pig 

health, growth, and feed intake. In the past, antibiotics have been widely used to address piglet 

weaning problems, with the consequence of increasing antibiotic bacterial resistance. For 

decades, research has focused on developing nutritional strategies and/or alternative solutions 

with effects comparable to antibiotics (Jiang at al. 2015; Bissonnette et al. 2016; Jiang et al. 

2017). Medium chain fatty acids are among these new solutions due to their ability to improve 

growth performance and prevent the negative effects associated with weaning in piglets 

(Hanczakowska et al., 2013).  

MCFAs have specific nutritional and metabolic effects, including rapid digestion and 

passive absorption, making them particularly interesting for the nutrition of young animals 

(Baltić et al. 2017). MCFAs can be utilized directly by enterocytes as an energy source and 

thereby help support the integrity of the intestines in young piglets. Moreover, MCFAs are 

absorbed more efficiently by the gastrointestinal tract than other fatty acids. Pigs can partially 

absorb MCFAs even in their stomachs (Liu 2015). Medium chain triglyceride molecules are 

rapidly broken down by lipase in the stomach and duodenum in glycerol, and MCFAs are 
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absorbed via portal circulation and transported to the liver where they undergo fast oxidation 

(Li et al. 2015).  

The finding that dietary supplementation with C12-Ca soaps did not result in significant 

differences in BW, ADG, and ADFI is comparable to the results obtained by Lopez-Colom et 

al. in 2019. The authors concluded that the administration of a mixture of sodium salt from FAs 

obtained from coconut oil distilled with lauric acid content did not influence growth 

performance. The FE results showed a better use of feed by the antibiotic-treated group from 0 

to 14 days of the trial and over the whole duration of the experiment (0–28 study days). 

However, when the 15- to 28-day period of the trial is considered, the FE in pigs supplemented 

with C12-Ca soaps was comparable to that of the pigs receiving dietary antibiotics.  

Dietary supplementation of lauric acid saponified with calcium in post-weaning piglet 

numerically reduced the therapeutic treatments against Streptococcus suis, a serious issue in 

pig farming (Fittipaldi et al. 2012). However, the differences were not significant between 

treatments. It is well known that diarrhoea is another major challenge for post-weaning piglets 

and results in increased morbidity and mortality and causes large economic losses in the global 

swine industry (Vondruskova et al. 2010; Yang et al. 2014). In our study, piglets supplemented 

with C12-Ca soap were not affected by diarrhoea in contrast with pigs given the antibiotic 

treatment. However, no significant difference was found between the controls for diarrhoea 

incidence.  

Dietary MCFA supplementation also affects intestinal VFA concentrations by decreasing 

propionic, butyric, and valeric acid and increasing acetic acid concentrations in the small 

intestines of weanling piglets (Zentek et al. 2012; Lai et al. 2014). In our study, the piglets 

supplemented with C12-Ca soaps displayed a significantly higher concentration of lactic acid 

in the duodenum, ileum, and caecum. On the other hand, the acetic acid concentration 

significantly decreased in all intestinal segments analysed in the C12-Ca soap group compared 

to the CTR group. The acetic acid concentration in the caecum was also lower in the piglets fed 

a diet supplemented with C12-Ca soaps compared to the ANT group. These results are partially 

in agreement with the work of Lopez-Colom et al. (2019), who reported that, in the ileum, the 

major product of fermentation is lactic acid, while acetic acid is found only at very low levels; 

however, the differences were not significant. On the other hand, Zentek et al. (2012), 

determined that the administration of encapsulated medium chain fatty acids leads to a 

numerically higher acetic acid concentration in the small intestine, while lactic acid 

concentration is not significantly affected. The supplementation of C12-Ca soaps might result 

in the selection of certain favourable microbial flora, such as lactic acid bacteria, which would 
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produce more lactic acid and, therefore, improve the gut environment. The positive effects of 

lactic acid have been reported to produce a reduction in gastric pH and decrease the 

multiplication of unwanted microorganisms (Thompson and Lawrence 1981). Low pH also 

increases the digestibility of nutrients through changes in the gut morphology of the small 

intestine in young piglets (Suiryanrayna and Ramana 2015). However, the decrease in acetic 

acid concentration in the small intestine in our study did not operate in the same direction. 

Indeed, the increase in acetic acid concentration is positive for the gut bacterial ecosystem 

because it can be absorbed and used as an energy source by the intestinal cells and can decrease 

pH, thereby avoiding the proliferation of harmful bacteria, as well as lactic acid (Montagne et 

al. 2003; Roberfoid 2007;).  

However, we did not find significant evidence in the bacterial count to determine a clear 

effect of C12-Ca soaps on intestinal microbiology and correlate those results with VFA 

concentration. Nevertheless, the literature contains numerous studies on the effect of FAs on 

the concentration of VFA in pigs, but it is difficult to compare these various experimental 

studies due to their use of different substances (pure acids or salts, individually or in 

combination) and also because of other factors, such as the intestinal segments chosen for 

analysis and the composition of the diet (Tugnoli et al. 2020).  

The antibacterial activity of MCFA is well known; moreover, lauric acid seems to have the 

highest antibacterial activity among MCFAs (Kabara et al. 1972). However, the microbial 

populations in the faeces and intestinal contents of the piglets did not differ among the groups, 

which agrees with Zentek et al. (2013) (Zentek et al. 2013). In the literature, it is commonly 

reported that MCFAs are particularly effective against Gram-positive bacteria (Dayrit 2015). 

In particular, lauric acid has remarkable bactericidal action against Streptococci (Bergsson et 

al. 2001). Streptococcosis is a disease that causes significant economic losses in the pig industry 

(Fittipaldi et al. 2012). It is generally accepted that the main route of infection is through the 

respiratory system. Streptococcus suis is transferred from sows' vaginal secretions into the oral–

nasal cavities of piglets during parturition and colonizes the tonsils immediately after birth. 

According to Segura et al. (2017), the gastrointestinal tract cannot be excluded as a secondary 

site of infection in piglets. After weaning, it was found that the relative intestinal concentrations 

of Streptococcus suis increased or remained constant (Su et al. 2008; Wijtten et al. 2011).  

The present study did not show a significant reduction in mortality due to Streptococcus suis 

in all dietary treatments; however, the pigs of the C12-Ca group that showed disease, once 

adequately treated, quickly recovered, unlike the control group pigs that died.  
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Weaning stress causes growth reduction and gut dysfunction in piglets and may lead to 

intestinal inflammation and minor immune responses (Bomba et al. 2014; Bhat et al. 2015). 

However, the results of the anti-inflammatory parameters in faeces showed that 

supplementation with C12-Ca soaps did not result in significant differences compared to the 

other groups.  

Oxidative stress is defined as an imbalance between the production of reactive oxygen 

species (ROS) and their elimination through antioxidative mechanisms (Yin et al. 2014; 

Castellani et al. 2014). Weaning pigs with an imbalance and an immature antioxidant system 

in their intestines are easily attacked by oxidative stress. In the present study, TAOC levels in 

the intestine, which reflect the non-enzymatic antioxidant defence system, were significantly 

higher in the animals treated with C12-Ca soaps. Furthermore, the levels of MDA (a marker of 

lipid peroxidation) were lower. This finding indicates that the integration of C12-Ca soaps 

played an important role in the prevention of the peroxidation and oxidation of endogenous 

lipids, thereby promoting the health of the intestinal barrier.  

This result can also be considered as an indirect indicator of intestinal inflammatory status. 

Indeed, several human studies have shown that inflammation and oxidation are related (Mittal 

et al. 2014; Biswas 2016) and that both participate in the pathogenesis of many chronic diseases 

(Dierick et al. 2002; Cao et al. 2018). Our results show a positive intestinal oxidative state in 

the animals treated with C12-Ca soaps, which is supported by the increase in TAOC and the 

decrease in MDA. However, no statistical differences were found for the anti-inflammatory 

parameters between treatments. 

The stressful events related to weaning cause changes in the gut morphology such that villus 

length is reduced, and the crypt depths are increased (Pluske et al., 1997). Dierick et al., (2004) 

reported that feeding MCFAs to weaning pigs positively influenced their intestinal morphology, 

resulting in a significant increase in villus length and a decrease in crypt depth in the small 

intestine. However, other authors found no evidence of differences in intestinal morphology 

after the dietary administration of MCFAs (Hanczakowska et al., 2016). In this study, some 

favourable results were found with the use of C12-Ca soaps in the pig diets, particularly in the 

jejunum and ileum. In the jejunum, the results obtained showed a lower CD in pigs fed the C12-

Ca diet compared to both the CTR and ANT treatments. Moreover, the VH:CD ratio was higher 

in the C12-Ca pigs with an effect comparable to the ANT treatment. On the other hand, in the 

ileum, pigs fed the diet with C12-Ca soaps had increased VH and VW compared to the 

antibiotic and control diets, thereby modulating the intestinal absorption surface. However, CD 

decreased and VH:CD increased in the ileum in piglets fed the ANT diet compared to those fed 
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the C12-Ca soaps and the control treatments. There were no significant differences in 

duodenum morphology between the groups for WH, CD, and VW, but VH:CD decreased in 

the C12-Ca soap group compared to CTR.  

Considering the results obtained, we hypothesized that C12-Ca may not dissociate in the 

stomach, meaning that lauric acid in the form of Ca-laurate cannot be absorbed in the proximal 

regions of the small intestine and can reach the distal regions of the small intestine (i.e., ileum) 

and perhaps even further (i.e., caecum). This hypothesis is also supported by the effects of C12-

Ca on the concentrations of lactic and acetic acid in the caecum. However, the intestinal tract 

is difficult to reach by MCFAs due to their rapid absorption in the stomach and duodenum (Liu 

2015; Ferrara et al. 2017). 

 

 

3.6 CONCLUSION 

 

Our results suggest that supplementing a basal diet with C12-Ca soaps (1 g/kg) may have 

beneficial effects on intestinal antioxidant status and some intestinal morphology parameters in 

the jejunum and ileum. The present contribution of C12-Ca on intestinal microbial populations, 

anti-inflammatory, and immunomodulatory properties are not conclusive and justify further 

investigation. Furthermore, the data obtained from this study do not support a clear-cut 

improvement in the growth performance and gut health of post-weaning piglets. However, this 

supplementation may represent a promising approach for reducing the use of prophylactic 

antibiotics. 
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4.1 ABSTRACT 

 

Short- (SCFA) and medium-chain fatty acids (MCFA) have been extensively studied due to 

their supporting effect on piglet’s growth and gut health. In this study, 192 weaned Topigs 

piglets (24 post-natal days, average weight 8.41 ± 1.90 kg) were used to investigate the dietary 

effects of a mixture of esterified Tributyrin (TB) and Monolaurin (ML) on growth performance 

and gut health. Piglets were randomly allocated to one of three dietary treatments with 16 

replicates per treatment (4 piglets/replicate), as follows: the basal diet with no additive (CTR), 

the basal diet plus amoxicillin (ANT) and the basal diet plus a mixture of Tributyrin and 

Monolaurin (TB+ML). The feeding scheme was divided in a prestarter (0-14 days of trial) and 

starter phase (15-42 days of trial). ANT diet was only administered during the prestarter phase. 

Body weight (BW), average daily gain (ADG), and average daily feed intake (ADFI) were 

measured, and feed efficiency (FE) was calculated. Intestinal tissue samples of duodenum, 

jejunum and ileum were used to investigate the potential impact of TB+ML on gut morphology 

and to evaluate the total antioxidant capacity (TAOC) and Malondialdehyde (MDA). Similarly, 

IL-10, IL-6 and SIgA analysis were performed on intestinal tissues. BW, ADFI and ADG 

increased in TB+ML compared to CTR and ANT (P<0.05). On the contrary, the 

supplementation with TB+ML did not significantly affect FE. Morphometric analysis indicated 

that the supplementation with TB+ML reduced the villi length in duodenum, while the villi 

width decreased in duodenum but increased in jejunum and ileum (P<0.05). However, in the 

ileum the villus length increased (P<0.05). Dietary supplementation with TB+ML decreased 

LFs area compared to CTR (P<0.05). Moreover, TB+ML increased muscularis external 

thickness in all of its layers (P<0.05). TAOC was significantly higher in TB+ML (P<0.05) in 

all the intestinal tract, whereas no significant effect on IL-10, IL-6, SIgA and MDA was 

observed. In conclusion, TB+ML has a positive effect on the porcine gut health, protecting the 

intestinal epithelium from oxidative stress caused by weaning. Moreover, TB+ML enhanced 

piglet’s growth performance, supported by the increase of the ileal villi length, which enlarges 

the nutrient absorption surface, and muscolaris externa thickness promoting intestinal 

peristalsis.  

 

Keywords: Tributyrin, Monolaurin, esterification, piglets, post-weaning, gut health 
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4.2 INTRODUCTION 

 

In recent years, there is a wide interest in finding feeding strategies to stimulate gut 

development and health in young pigs. The ultimate goal of these strategies is to improve pig 

productivity around weaning, while minimizing the use of antibiotics (De Lange et al., 2010). 

The effects of various feed additives have been extensively studied after the prohibition on the 

use of antibiotics as growth promoters, due the onset antibiotics-induced bacterial resistance 

and cross-contamination to humans (Heo et al., 2013; Czaplewski et al., 2016). Finding an 

individual alternative that embodies all the functions of classic antibiotics and, at the same time 

improves gut health and pig’s growth, is not easy. One potential solution is to select multiple 

products which work synergistically (Allen et al., 2013).  

The antibacterial effect and gut health supporting role of short- (SCFA) and medium chain 

fatty acids (MCFA) have been extensively studied due to their numerous positive effects on 

pigs that can be seen when the health of the animals is endangered, especially at weaning. 

SCFAs have been shown to play an important role on improving gut health and limiting 

intestinal inflammation in pigs (Liu, 2015). The beneficial effect of SCFA is closely correlated 

with increasing proliferation and decreasing apoptosis of enterocytes. In fact, SCFA can act as 

a major source of energy for intestinal epithelium, stimulating cell proliferation and the growth 

of the small intestine. Similarly, MCFAs have specific nutritional and metabolic effects, 

including rapid digestion, passive absorption and obligatory oxidation. MCFAs can be utilized 

directly by the enterocytes for energy production and thereby help to support the integrity of 

the intestine (Liu, 2015).  

The therapeutic effects of SCFA and MCFA also include antibacterial, antimicrobial and 

bacteriostatic properties which may improve intestinal microecology, increase the energy and 

nutrient digestibility and thus improve pig’s performance (Hanczakowska et al. 2013; Kuang 

at al., 2015). The exact mechanism is not known yet, but it is considered that SCFA and MCFA 

together have a synergistic effect on bacteria. Research suggests that MCFA are able to 

penetrate the microorganism’s cell walls, due to their specific amphipathic chemical structure, 

which damages the bacterial cell membrane, solubilizing the lipids and phospholipids in the 

envelope of the pathogen leading to leakage of intracellular material and thus allowing SCFA 

access into the bacterial cytoplasm. Once inside the microbial cell, SCFA dissociates in the 

more alkaline environment of the cytoplasm, resulting in a decrease of bacterial intracellular 

pH. The change in pH influences the cellular metabolism, interrupting or modifying the vital 

processes of the bacterial cell limiting its growth or even causing death (Batovska et al., 2009; 
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Desbois and Smith, 2010; Kim and Rhee, 2013). Thus, the use of SCFA together with MCFA 

extends their antimicrobial spectrum (Kim and Rhee, 2013). However, the effectiveness of fatty 

acids (FA) may be limited due to prompt absorption and metabolism in the stomach and in the 

duodenum, which limits the amount that reaches the lower gut and therefore, their ability to 

modulate intestinal structure, flora and the immunity state.  

The effectiveness of SCFAs and MCFAs could be enhanced by protecting the active 

compound by esterification with glycerol to dissolve them slowly as they pass along the GIT 

(Decuypere and Dierick, 2003). TB and ML are triglyceride and monoglyceride of butyric acid 

and lauric acid, respectively. They are made up of glycerol molecules plus the FA. This form 

protects butyric and lauric acid from the total absorption in the stomach and duodenum and 

allow them to be released along the entire GIT. The free form of the two FAs is released from 

the glycerol through the action of lipase and then, butyric and lauric acid could affect the 

intestinal epithelium development, the immune response and they can perform their bactericidal 

effect in pigs’ gut (Mallo et al., 2012). In particular, TB exerts a major action on intestinal 

morphology, improves growth performance during the 3-4 weeks after weaning and mitigates 

adverse changes in the intestinal structure associated with weaning stress. Moreover, dietary 

supplementation with TB alleviated intestinal injury by inhibiting apoptosis, promoting tight 

junction formation and activating epidermal growth factor receptor signaling in piglets (Wang 

et al., 2019). Its action was studied in a work of Hou et al. (2006) who tested how the 

administration of TB has improved growth performance, small intestine morphology and 

enzymatic activity in post weaning piglets. Furthermore, in a more recent study, Hou et al. 

(2014) argued that dietary supplementation with TB alleviated intestinal damage in piglets 

undergoing intra-rectal administration of acetic acid, reducing ulcerative colitis. Instead, ML is 

the MCFA with the highest antibacterial capacity as assessed in literature. In fact, ML seems 

to have a predominantly antibacterial effect, particularly towards the Gram-positive (Bergsson 

et al., 2001; Lieberman et al., 2006). It is widely recognized that monoglycerides are more 

effective than their FAs: ML is more biologically active than lauric acid in killing bacteria 

(Kabara et al., 1972; Batovska et al., 2009; Zhang et al., 2009). Moreover, medium chain 

monoglycerides are reported to be active in the entire GIT and the blood stream and pathogens 

cannot develop resistance against them (Antongiovanni et al., 2006).  

Therefore, the choice to use tributyrin (TB) and monolaurin (ML) together, arises from the 

need to deepen the synergistic effects that they may have on weaning piglet’s growth and 

gastrointestinal functions and health. 
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4.3 MATERIAL AND METHODS  

 

The experimental protocol was reviewed and approved by the Animal Welfare Committee of 

the Università degli Studi di Milano (application No. OPBA_148_2017). 

 

 

4.3.1 Animal, housing and management 

 

The experiment was performed at the Animal Production Research and Teaching Centre of 

Università degli Studi di Milano (Lodi, Italy). The study was performed on a total of 192 

crossbreed Topigs weaned piglets (average weight of 8.41±1.90 kg). The trial started at 24 days 

of piglet age (day 0 of trial) and lasted until 70 days of age (41 days of trial). The pigs were 

housed in two experimental rooms with 24 pens each and 4pigs/pen. Each pen had plastic 

slatted floors and was fitted with an adjustable stainless-steel feeder and two nipple waterers. 

The rooms were lit by a combination of daylight (through skylights) and artificial light (non-

programmable). The temperature, humidity, CO2 and ammonium concentration of the air was 

automatically controlled. Ventilation was achieved by single, variable-speed fans linked to 

temperature sensors. The temperature inside the building was approximately 28 ºC at the start 

of the trial and adjusted weekly until a final temperature of 24-25 ºC was obtained. The relative 

humidity was controlled at 60–70%. The pigs had water and feed, provided in meal form, 

available ad libitum. The piglets were obtained from sows of a single weaning. A randomization 

process was used to allocate piglets to replicates, such that each treatment consists of an equal 

number of homogeneous replicates. The veterinary doctor responsible for animal welfare 

during the trial, checked the piglets when they were put on trial and only healthy piglets were 

allowed to the trial. No prophylactic antibiotic treatment was given. The carcasses of the dead 

animals were sent to the Pathological Anatomy Laboratory of the University of Milan for 

necropsy analyses.  
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4.3.2 Experimental design and Diet 

 

The piglets were randomly allocated to 1 of 3 dietary treatments with 16 replicate pens per 

treatment and 4 piglets per replicates. The experimental unit was the pen. The basal diet was a 

typical commercial diet, divided in Pre-starter (administered from 0 to 14 days of trial) and 

Started (administered from 15 to 41 days of trial) and was based on barley meal, wheat meal 

and maize meal. It was formulated to exceed the crude protein (CP) requirements recommended 

for pigs (19% CP pre-starter, 18% CP starter). The composition and the calculated analysis of 

the diets according to NRC (2012) are presented in Table 11. The feeds were manufactured 

before the start of the trial, to allow time for nutritional homogeneity and analysis and eventual 

second delivery in case of non-conformity. Dietary treatments were as follow:  the basal diet 

(CTR), ANT diet (CTR + 400 mg/kg Amoxicillin) and TB+ML diet (CTR + 5 kg/ton butyric 

and monolaurin). Amoxicillin was administered only for the first two weeks of trial, as under 

normal farming conditions.  
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Tab. 11 - Ingredients and chemical composition of pre-starter (administrated from 0 to 14 study days) and 
starter (administrated from 15 to 41 study days) basal diets fed to post-weaning piglets during the trial (as-fed 
basis, %). 

 Basal diets 
Ingredients (%) Prestarter (0-14 days) Starter (15-41 days) 

Barley meal 20.71 22.00 
Wheat meal 17.08 20.42 
Sweet whey 10.00 5.00 
Maize meal 5.32 12.00 
Soycomil R 8.50 7.00 
Flacked wheat 7.50 5.00 
Dextrose  5.00 2.50 
Flacked maize 5.00 3.50 
Flacked barley 4.00 -- 
Soybean meal 48% CP 5.00 10.00 
Wheat middlings 3.00 5.00 
Herring meal 2.50 1.50 
Soybean oil 3.00 1.40 
Cellulose 1.00 0.75 
L-Lysine 0.55 0.45 
Dicalcium phosphate 0.50 0.60 
Calcium carbonate 0.40 0.60 
L-Threonine 0.25 0.15 
Vitamins+trace elements1 0.25 0.25 
DL-Methionine 0.23 0.10 
Salt 0.15 0.25 
L-Tryptophan 0.06 0.03 
Animal fat -- 1.50 
Analysed composition (%) 
Dry matter 

 
90.29 

 
89.34 

Crude protein 19.50 18.40 
Crude fat 4.95 5.04 
Crude fibre 3.05 3.30 
Ash 4.47 4.34 
Calcium 0.57 0.61 
Phosphorus 0.55 0.53 
Calculated composition 
DE, kcal/kg 

 
3490 

 
3430 

NE, kcal/kg 2460 2410 
Lysine 1.35 1.20 
Methionine +Cystine 0.87 0.70 
Threonine 0.96 0.78 
Tryptophan  0.27 0.22 

1Vitamin-mineral premix supplies per kg as fed: Vitamin A: 10.000 IU; Vitamin D3: 1.000 IU; Vitamin E: 50 mg; 
Vitamin B1: 1.0 mg; Vitamin B2: 3.0 mg; Vitamin B12: 0.02 mg; Vitamin B6: 3.0 mg; Pantothenic acid: 10 mg; 
Nicotinic acid: 15 mg; Biotin: 0.06 mg; Vitamin PP: 0.35 mg; Folic acid: 0.99 mg; Vitamin K3: 2 mg; Choline: 
300 mg; Fe: 100 mg; Cu: 20 mg; Co: 0.75 mg; Zn: 100 mg; Mn: 10 mg; I: 0.75 mg; Se: 0.4 mg; Ethoxyquin: 
150 mg. 
 

4.3.3 Measurements and Samples 

 

Pigs and feeders were weighed at 0, 14, 28 and 41 days of trial to determinate their body weight 

(BW), average daily gain (ADG), average daily feed intake (ADFI) and feed efficiency (FE). 

Mortality and pathologies were recorded daily. At the end of the trial (41 days of the trial), ten 

piglets from different cages were randomly chosen from each dietary treatment and slaughtered 
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in accordance with current regulation at a local commercial slaughterhouse to collect intestinal 

tissue samples. The entire intestinal tracts were removed, and different sections of duodenum, 

jejunum and ileum were obtained for each animal. Approximately 2 cm segment each of 

duodenum, jejunum and ileum was promptly fixed in 10% paraformaldehyde in 0.01 M 

phosphate buffered saline (PBS) pH 7.4 for 24 hours at 4◦C for histological measurements 

(n=10). Segments of 2 cm were also obtained from each tract of the small intestine to analyse 

the antioxidant and inflammatory parameters (n=10). 

 

4.3.4 Morphological analysis of duodenum, jejunum and ileum 

 

Following 24 h fixed in 10% paraformaldehyde, the segments of duodenum, jejunum and ileum 

were dehydrated in a series of solutions of increasing alcohol content, immersed in a solution 

of xylene and finally included in paraffin. Paraffinic blocks were cut into 5 μm sections, with 

rotating microtome (Microm HM335E). The sections were collected and placed on slides, then 

stained using hematoxylin-eosin for analyses. The slides obtained were evaluated with a Nikon 

Eclipse E600 microscope equipped with a Ds-fi2 camera. The images of the sections were 

observed with 200x magnification and processed using the NIS-Elements software. The 

morphometry was quantified by measurements of the villi and crypts. A minimum of twenty 

well-oriented and intact villi and crypts were selected per image. The villus length was 

measured from the tip of the villus to the villus–crypt junction. Crypt depth was defined as the 

depth of the invagination between adjacent villi. The measurements were made with the ImageJ 

software. The lymphatic follicles area (LFs) and the thickness of muscularis externa of ileum 

were also determined. For this purpose, the LFs were divided into their defined compartments: 

the cortical region, the germinal center, the dome region, according to Makala et al. (2000).  

Such compartment areas were measured (μm2) in five LFs area in randomly selected field of 

each tissue sample. Measurements of LFs were made for each animal for each intestinal section 

(one slide per animal, per section). Each animal had about 4 fields on each slide, and 5 random 

follicles were measured in each field. Both lymphatic follicles area and thickness of muscularis 

externa were quantified using ImageJ software.  

 

4.3.5 Pro- and anti-inflammatory cytokines and immunoglobulins in intestinal tissues 

 

Pro- and anti-inflammatory cytokines, namely, Interleukin 6 (IL-6) and Interleukin 10 (IL-10), 

were evaluated in intestinal tissues of duodenum, jejunum and ileum. The analyses were 
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performed by an enzyme immunoassay (Swine IL-6 ELISA Kit Thermofisher; Swine IL-10 

ELISA Kit Thermofisher), following manufacturer’s instructions. Secretory immunoglobulins 

A (SIgA) were also determined by ELISA kit (Immunoglobulin A ELISA Kit -R-Biopharm 

AG), following manufacturer’s instructions. 

 

4.3.6 Total antioxidant capacity (TAOC) and Malondialdehyde (MDA) in intestinal 

tissues 

 

Frozen intestinal tissue samples (0.1 g) of duodenum, jejunum and ileum were homogenised 

using a untraturrex with cold physiological saline solution, maintained in ice, and centrifuged 

(3,000 × g for 15 min, 4°C). Supernatants were then collected for analysis. Malondialdehyde 

(MDA) is one of most extensively studied end-products of polyunsaturated-lipid peroxidation 

under radical-induced oxidative stress conditions. The MDA concentration in the intestinal 

tissue was calculated via the acid extraction of homogenized tissue for 2 hours under room 

temperature and protected from light. Subsequently, the derivatization of the extract to facilitate 

liquid chromatographic separation was carried out with 2.4-dinitrophenylhydrazine. After 

derivatization, MDA was measured via LC-MS/MS using an internal method (Laboratorio 

Vailati srl, Via S. Rocco, 25020 San Paolo, Brescia, Italy). The total antioxidant capacity 

(TAOC) activity was determined by commercial kits (ab65329, Abcam) following the 

manufacturer’s instructions.  

 

 

 

4.3.7 Statistical analysis 

 

A completely randomized design was used. Growth performance was analysed using the 

Statistical Analysis System software (SAS version 9.4; SAS Institute Inc., Cary, NC, USA) 

applying a MIXED procedure for repeated measurements and accounting for the effects of 

treatment, time, and treatment × time interaction. The average daily gain (0–41 study days), 

average daily feed intake (0–41 study days), feed efficiency ratio (0–41 study days), SIgA, IL-

10, IL-6, TAOC, and MDA, and intestinal morphology were analysed using a one-way analysis 

of variance (ANOVA) to compare the means of the three groups using the GLM procedure in 

SAS. For the statistical analysis of mortality and antibiotic treatment, Fisher’s exact test was 

used. The pen represented the experimental unit for the growth performance parameters, while 
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each pig represented the experimental unit for mortality and antibiotic treatment, SIgA, IL-10, 

IL-6, TAOC, and MDA. Intestinal morphology was analysed using a one-way analysis of 

variance (ANOVA) followed by a post hoc Tukey’s test in SAS. All numerical data in the tables 

are presented as the least-square means (LSMeans) accompanied by the standard error of the 

mean (SEM) values. Differences between groups were considered statistically significant at 

P<0.05. 

 

 

4.4 RESULT 

 

4.4.1 Growth performance 

 

Table 2 summarizes the piglet growth performance. As for BW, the animals belonging to the 

group fed with TB+ML showed higher BW than those of CTR group (P<0.05) at 28 days of 

trial, whereas, at the end of trial (41 days of trial), the supplementation with TB+ML showed 

higher BW compared to both CTR and ANT groups (P<0.05). ADG was higher in animals of 

TB+ML group in the period from 15 to 28 days of trial, as well as from 29 to 41 days of trial 

and for the whole duration of the trial compared to CTR and ANT groups (P<0.05). ADFI was 

higher in piglets of TB+ML group compared to CTR (P <0.05) in the periods from 15 to 28 

days, from 29 to 41 days and throughout all duration of the trial. No differences in FE were 

observed among groups. In general, health conditions were good throughout the whole process. 

No episodes of diarrhea occurred. 
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Tab. 12 - Growth performance parameters of post-weaning piglets fed a basal diet alone (CTR) or supplemented 

with amoxicillin (ANT, 400 mg/kg) or tributyrin and monolaurin (TB+ML, 5 kg/ton) for 41 days1. 

 Dietary treatment  p-value 
Item CTR ANT C12-Ca SEM Tr. Tm. Tr*Tm 
No. pigs/treat 
BW (g) 

Day 0 
Day 14 
Day 28 
Days 41 

ADG (g/d) 
Days 0-14 
Days 15-28 
Days 29-41  
Days 0-41  

ADFI (g/d) 
Days 0-14  
Days 15-28 
Days 29-41 
Days 0-41 

FE 
Days 0-14  
Days 15-28 
Days 29-41  
Days 0-41  

64 
 

8408 
12.21 
17.68b 

25.05b 

 
271.93 

397.26b 

574.58b 

405.30b 

 
396.88 
747.12b 

1107.09b 

741.66b 

 
0.67 
0.52 
0.50 
0.51 

64 
 

8418 
12.36 

18.47ab 

26.04b 

 
286.67 
432.22b 

582.32b 

428.10b 

 
409.69 

787.56ab 

1152.99ab 

774.83ab 

 
0.68 
0.53 
0.50 
0.52 

64 
 

8416 
12.63 
19.47a 

27.76a 

 
299.52 
492.41a 

637.95a 

470.70a 

 
428.45 
834.14a 

1207.68a 

814.06a 

 
0.64 
0.56 
0.51 
0.55 

 
 

439.32 
 
 
 
 

15.78 
 
 

14.74 
 

28.52 
 
 

32.34 
 

0.02 
 
 

0.02 

 
 

0.0004 
 

 

 
 

<0.0001 
 
 

0.001 
 

0.016 
 

 
0.092 

 
0.897 

 
 

0.351 

 
 

<0.0001 
 
 
 
 

<0.001 
 
 
 
 

<0.0001 
 
 
 
 

<0.0001 
 

 
 

0.051 
 
 
 
 

0.245 
 
 
 
 

0.800 
 

 
 
 

0.487 
 
 

All results are presented as mean ± SEM. BW: body weight; ADG: average daily gain; ADFI: average daily feed 
intake; FE: feed efficiency; Tr: treatment; Tm: time; Tr*Tm: treatment*time 
1Pigs of 24 post-natal days of age at the beginning of the trial 
a,b Within rows, different superscript letters indicate a significant difference 
 
 

4.4.2 Duodenum, jejunum and ileum morphometry 

 

Table 3 presents the data for morphology of duodenum, jejunum and ileum. Piglets receiving 

the diet supplemented with TB+ML had shorter villi (P<0.05) and smaller width (P<0.01) in 

the duodenum compared to piglets in the CTR and ANT groups. Jejunum morphology shows 

bigger villus width (P<0.05) in the group supplemented with ANT and TB+ML compared to 

CTR group. In the ileum, dietary supplementation with TB+ML led to higher villus length 

(P<0.01) and lower villus width (P<0.05) as well as in ANT group compared to CTR. The 

crypts depth was lower (P<0.05) in piglets supplemented with ANT compared to CTR and 

TB+ML groups. 
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Tab. 13 - Intestinal morphology parameters of duodenum, jejunum and ileum of post- weaning piglets fed a 

basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or Tributyrin and Monolaurin 

(TB+ML, 5 kg/ton) for 41 days1. 

All results are presented as mean ± SEM. VH:CD ratio: Villus height: crypt depth ratio; ns: not significant 
1Pigs 24 post-natal days of age at the beginning of the trial. 
a,bWithin rows, different superscript letters indicate a significant difference. 

4.4.3 Antioxidant and ant-inflammatory status 

 

Il-6, IL-10 and SIgA results are presented in Table 4. No significant differences in SIgA, IL-10 

and IL-6 were found between the three groups.  

 
Tab. 14 - Concentration of SIgA, IL-10 and IL-6 in duodenum, jejunum and ileum tissue in post-weaning 

piglets fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or Tributyrin and 

Monolaurin (TB+ML, 5 kg/ton) for 41 days1. 

 Treatment   
Item CTR ANT TB+ML SEM P- value 
No. Pigs/Treat 
Duodenum 

10 10 10   

SIgA (µg/g) 286.50 299.28 339.71 19.35 ns 

IL-10 (pg/g) 11.78 10.35 9.85 2.76 ns 
IL-6 (pg/g) 43.38 51.91 63.57 16.66 ns 

Jejunum      
SIgA (µg/g) 330.40 297.80 343.41 52.50 ns 
IL-10 (pg/g) 9.56 10.34 34.43 23.96 ns 
IL-6 (pg/g) 115.77 91.23 53.73 73.69 ns 

Ileum      
SIgA (µg/g) 295.02 303.54 295.02 16.12 ns 
IL-10 (pg/g) 17.54 14.53 16.64 3.25 ns 
IL-6 (pg/g) 69.36 65.23 50.26 24.27 ns 

All results are presented as mean ± SEM. SIgA: secretory IgA; IL-10: interleukin 10; il-6: interleukin 10; ns: not 
significant. 1Pigs 24 post-natal days of age at the beginning of the trial. a,b,cWithin rows, different superscript 
letters indicate a significant difference  

 Treatment   
Item CTR ANT TB+ML SEM P-value 

No. Pigs/Treat. 
Duodenum 

10 10 10   

Villus height, μm 275.65a 263.50a 230.62b 10.11 0.01 

Villus width, μm  108.43a 104.40a 93.70b 6.50 0.0007 
Crypt depth, μm 115.49 116.23 119.93 7.40 ns 

VH:CD ratio 2.86 2.71 2.33 0.17 ns 

Jejunum    

Villus height, μm 209.64 209.65 192.40 9.05 ns 
Villus width, μm 90.36b 104.9a 97.41a 5.60 0.019 
Crypt depth, μm 120.5 121.32 109.77 7.50 ns 
VH:CD ratio 1.96 2.06 2.05 0.14 ns 

Ileum   
Villus height, μm 161.23b 179.54a 183.93a 5.31 0.004 
Villus width, μm 122.00a 110.70b 107.50b 5.06 0.05 
Crypt depth, μm 102.79a 83.06b 115.93a 7.55 0.05 
VH:CD ratio 1.49 1.60 1.40 0.08 ns 
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Similarly, the results of antioxidant parameters on duodenum, jejunum and ileum (Table 5) 

show no significant differences in MDA between the groups. On the other hand, animals in 

TB+ML group have significantly higher TAOC in all the intestinal districts analysed than 

animals in the CTR and ANT groups (P<0.01). 

 
Tab. 15 - Histometric analyses related to lymphatic follicle and muscular external measurement in ileum of 

post-weaning piglets fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or lauric 

acid saponified with calcium (C12-Ca soaps, 1 g/kg) for 28 days1. 

 Treatment   
Item CTR ANT TB+ML SEM P- value 
No. Pigs/Treat. 
Ileum 

10 10 10   

Lymphatic follicle area (μm2) 536.45a 438.35b 387b 77.91 0.003 
Muscularis externa width (μm) 333.59b 314.34b 434.47a 35.66 <0.001 
Muscularis externa inner circular layer 
(μm) 
Muscularis externa outer longitudinal 
layer width (μm) 

158.91ab 

 
 

170.72b 

130.69b 

 
 

175b 

167.34a 

 
 

238.83a 

19.18 
 
 

21.30 

0.02 
 
 

0.001 
All results are presented as mean ± SEM 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference. 
 

 

4.4.4 LFs area and muscularis externa measurements in ileum 

 

Data for LFs and muscularis externa measurements results are present in Table (6). Dietary 

supplementation with TB+ML and ANT decreased LFs area compared to CTR (P<0.05). On 

the contrary, TB+ML increased muscularis external thickness in general and of its outer 

longitudinal layer compared to both CTR and ANT group (P<0.05). Regarding the thickness of 

muscularis externa inner circular layer, the supplementation with TB+ML increased the 

thickness of the inner layer compared with ANT (P<0.05) but not difference was found with 

CTR group.  
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Tab. 16 - Concentration of TAOC and MDA in duodenum, jejunum and ileum tissue in post-weaning piglets 

fed a basal diet alone (CTR) or supplemented with amoxicillin (ANT, 400 mg/kg) or Tributyrin and Monolaurin 

(TB+ML, 5 kg/ton) for 41 days1. 

 Treatment  
Item CTR ANT TB+ML SEM P- value 
No. Pigs/Treat. 
Duodenum tissue 

10 10 10   

MDA (nmol/mg) 10.60 10.30 8.00 0.94 ns 

TAOC (nmol/µl TROLOX eq.) 3.96c 4.78b 5.95a 0.12 <0.001 
Jejunum tissue  

MDA (nmol/mg) 10.60 9.20 6.30 2.10 ns 
TAOC (nmol/µl TROLOX eq.) 3.52c 4.65b 5.35a 0.10 <0.001 

Ileum tissue  
MDA (nmol/mg) 14.20 13.00 12.00 1.84 ns 
TAOC (nmol/µl TROLOX eq.) 3.54c 4.19b 4.60a 0.15 <0.001 

All results are presented as mean ± SEM. MDA: malondialdehyde; TAOC: total antioxidant capacity. 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,b,cWithin rows, different superscript letters indicate a significant difference  

 

 

4.4.5 Mortality and antibiotic treatment 

 

As shown in Table 7, during the trial, seven piglets died: 2 in the CTR group, 3 in the ANT 

group and 2 in the TB+ML group. Anatomo-pathological examination has diagnosed that the 

cause has always been the infection with Streptococcus suis but there were no significant 

differences between groups. One piglet was treated against Streptococcus suis in TB+ML group 

with two injections of 1 ml of amoxicillin, one after 48 hours from the other, according to 

veterinarian’s indication. The animal has completely recovered and has not been included in 

the mortality count. No significant differences occurred between groups. 

 
Tab. 17 - Mortality and antibiotic treatment of post-weaning piglets fed a basal diet alone (CTR) or 

supplemented with amoxicillin (ANT, 400 mg/kg) or tributyrin and monolaurin (TB+ML, 5 kg/ton) for 41 days1. 

 Treatment P-value 
 
Item 

CTR ANT TB+ML CTR vs 
ANT 

CTR vs 
TB+ML 

ANT vs 
TB+ML 

No. Pigs/Treat. 
Dead 

64 
2 

64 
3 

64 
2 

 
ns 

 
ns 

 
ns 

Treated with antibiotics: 
Streptococcus suis  

 
0 

 
0 

 
1 

 
ns 

 
ns 

 
ns 

Data are presented as Fisher test and chi-square tests results. ns: not significant 
1Pigs 24 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference 
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4.5 DISCUSSION 

 

Feeding strategies are one of the most commonly used management factors for the improvement 

of gut health and function in weaned pigs. A wide range of substances has been proposed as 

tools to help reduce the incidence and severity of digestive problems associated with weaning 

and to maximize growth performance. Among them, SCFAs and MCFAs have been extensively 

studied (Hanczakowska et al., 2013; Zhang et al., 2019).  

The literature reports that the use of SCFAs and MCFAs in piglet diet has a positive effect 

on gut health and on the growth of animals, thanks to the different properties of the two types 

of fatty acids (Liu, 2015). Therefore, considering that the mechanism and site of action of these 

fatty acids can differ, a combined supplementation could result in a synergistic action. However, 

when administered in free form, SCFAs and MCFAs are rapidly absorbed in the first tract of 

the intestine, reducing or nullifying their effects. A longer retention time in the gut may allow 

more extended effects on piglets’ gut health. Thus, SCFAs and MCFAs can be protected by a 

glycerol esterification; in this way, it is possible to delay their absorption to prolong their 

effectiveness along the GIT (Decuypere and Dierick, 2003).  

In this experiment the effect of a SCFA, in the form of TB, and of a MCFA, in the form of 

ML, on growth performance and gut health of weaning piglets was studied. Hanczakowska et 

al. (2013) proved that the combination of SCFAs (propionic C3 and fumaric C4) together with 

MCFAs (caprylic C8 and Capric C10) significantly improves performance and gut health of 

piglets. Similarly, Kuang at al. (2015) showed that adding a mixture of SCFAs and MCFAs in 

feed contributed to growth of weaning pigs under commercial conditions. Our results are in line 

with what is reported in literature. From the data collected it emerged that TB + ML 

supplementation improved growth performance of weaned piglets. During the 2 weeks of 

adaptation after weaning (from 0 to 14 days of trial), animals from the different diets displayed 

similar BW, with no influence of TB+ML respect other groups.  At 28 days of trial, the piglets 

fed TB + ML have grown more than the controls and at the end of the trial, their BW was greater 

even compared to the antibiotic group. In addition, animals treated with TB + ML had a higher 

ADG starting from day15 of trial and considering the whole duration of it (from 0 to 41 days 

of trial) compared both to CTR and ANT. Moreover, the combination of TB and ML seems to 

have had no negative effects on feed palatability. In fact, in practical application, SCFAs and 

MCFAs are not easy to include in piglet feeds due to their different solubility rates and 

unpleasant odors (Croxen et al., 2013) that could stimulate the release of cholecystokinin and 

reduce the feed intakes of animals (Yang et al., 2014).  
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Our data showed that piglets fed TB + ML have higher ADFI than CTR diet, testifying that 

the inclusion dose of TB+ML did not compromise piglets feed intake. 

Lee et al., (2007) and Zentek et al., (2013) have shown that a mixture of MCFAs and SCFAs 

is an excellent source of energy for intestinal cells and can mitigate the negative effects of 

weaning on intestinal morphology, increasing the growth performance. The small intestine is 

the major site for digestion and absorption of nutrients, and intestinal mucosa plays an important 

role in this process. Villus height, crypt depth and villus high: crypt depth ratio are indicators 

reflecting gut health status in piglets, and commonly used for evaluation of intestinal 

morphology (Liu et al. 2012; Han et al. 2013). During weaning, the intestinal structure of piglets 

will undergo profound changes, including villous atrophy and crypt elongation, which reduce 

the nutrient absorption (Barszcz and Skomiał 2011; Pluske 2013).  

Previously, it has been shown that TB can improve the health status of the intestinal mucosa 

in piglets gut (Hou et al., 2006) reported that feeding of MCFAs to weaning pigs influenced the 

intestinal morphology, resulting in a significant increase in the length of the villi in the small 

intestine combined with a lower crypt depth and a lower number of intraepithelial lymphocytes. 

Moreover, a recent digestion experiment in vitro found that tributyrin only released a small 

amount of butyrate (<5%) during gastric stage and released approximately 75% of total butyrate 

in the small intestinal phase (Donovan et al., 2017), which showed that tributyrin had a higher 

utilization efficiency in the intestine. In our study, TB+ML revealed its trophic effect especially 

on the ileum, where the villus length was higher. By increasing the length of the ileal villi, 

TB+ML enlarges gut absorptive surface thereby favorable influencing the absorption of 

nutrients from the gut lumen. In contrast, no corresponding changes were observed in the 

duodenum and jejunum, maybe due the quick chime flow through this segment of the gut. 

Furthermore, the findings regarding the crypt depth, villus width and villus height: crypt depth 

ratio in all the intestinal districts analysed, are not conclusive and will require further 

investigation. Therefore, the assumption that dietary supply with TB+MN would affect 

intestinal morphology could be confirmed only in part, especially in the ileum.  

Inflammation is a fundamental aspect when considering the functioning of the GIT. In 

addition, inflammation induced by stresses such as weaning has also a substantial impact on 

gut health (Piè et al., 2004). MCFAs and SCFAs have been suggested to have an effect on gut 

inflammatory conditions in pigs (Liu, 2015). Tributyrin, as a precursor of butyric acid, is well-

known for its anti-inflammatory properties (Guilloteau et al., 2010). The treatment with TB has 

been associated with various beneficial effects at intestinal and systemic level: TB protected 

the gut integrity through an anti-inflammatory action in a murine ethanol-induced intestinal 
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injury model (Cresci et al., 2014) and in acetic acid-induced colitis in pigs (Leonel et al., 2013; 

Hou et al., 2014). A study of Tugnoli et al., (2020) has also highlighted how Tributyrin also 

regulates inflammatory markers and modulates T goblet cells number along the intestinal tract 

segments of weaning pigs. Regarding anti-inflammatory activity of MCFAs, some studies have 

been made on rats and reported that diets enriched with MCFAs decreased IL-6, IL-8, 

intercellular adhesion molecule-1 (ICAM-1) levels and glutathione S-transferase (GST) activity 

in TNBS colitis and decreased the expression of proinflammatory cytokines and chemokines in 

the ileum and Peyer’s patches in a sepsis model of rat (Kono et al., 2004; Papada et al., 2014). 

In our study, the results concerning pro (IL-6), anti-inflammatory (IL-10) and secretory IgA 

(SIgA) cytokines showed no significant differences between groups. Cytokines participate in 

immune and inflammatory responses and regulation of intestinal barrier integrity and are 

produced in the acute phase of inflammation (AlSadi et al. 2009).  

Many pro-inflammatory cytokines, like IL-6, have adverse effects on intestinal mucosal 

integrity and epithelial function (AlSadi and Ma 2007; Liu et al. 2008). On the other hand, anti-

inflammatory cytokines, such as IL-10, play an important role in protecting intestinal barrier 

function by attenuating the defects in tight junction permeability (Madsen et al. 1997; Howe et 

al. 2005). SIgA has long been considered to be the first protective barrier against adhesion and 

invasion of pathogenic microorganisms to the mucosa (Pabst 2012). SIgA production is driven 

largely in response to mucosal antigens encountered by gut-associated lymphoid tissue (GALT).  

In this regard, Hu et al. (2013) showed that weaning stress caused in piglets, especially in the 

first 7 days, an activation of the intestinal inflammatory processes, demonstrated by the increase 

in IL-6 mRNA expression in jejunum. Our results shown that the tissue concentration of IL-6 

appears to be in line with the data measured by Huang et al. (2012) in healthy piglets. Therefore, 

it can be assumed that, at the time of the measurement carried out at the end of the trial, the 

acute inflammatory phase caused by weaning had already been passed, and that acute 

inflammatory processes were not in progress. On the other hand, histometric analyses 

highlighted that TB+ML and ANT group had a smaller lymphatic follicle area compared with 

control group. The lymphatic follicle is a mucosal structure composed of lymphatic tissue, 

which is found in ileum individually or in the form of aggregates (Peyer's plaques), in which 

lymphocytes are present; therefore, lymphatic follicles play a critical role in the humoral 

immune response (Inoue et al., 2015; Jiang et al, 2015). Generally, measurements are made on 

this structure in order to highlight if there is a possible inflammatory state in the gut. Large 

lymphatic follicles usually indicate a possible inflammation state as there is increased 

lymphocyte stimulation and an increase in the number of white blood cells (Makala, 2001). Our 
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results indicate that the CTR group, which features the lymphatic follicle with the largest area, 

may have had an altered intestinal inflammatory status compared to the TB + ML and ANT 

group. However, considering the lack of significant differences in the level of IL-6, IL-10 and 

SIgA between the three groups, the correlation between the minor area of the LFs and the 

reduction of the inflammatory state following treatment with TB + ML cannot be ascertained 

and will require further investigation.  

In order to have a clear situation of piglets’ gut health and functionality during our trial, we 

also analysed the thickness of tunica muscularis externa, an intestinal muscular layer involved 

in peristalsis. In fact, according to the studies of Redlich et al., (1997) and Flores et al., (2018), 

if there is atrophy in the tunica muscularis externa, it means that there are problems of intestinal 

peristalsis. On the other hand, if the muscle layer is well developed, there will be a proper 

functionality of intestinal peristalsis which results in better digestion and absorption of nutrients. 

Our results show that the thickness of the tunica muscularis externa in general and the thickness 

of the muscularis external outer layer was greater in piglets treated with TB+ML compared to 

CTR and ANT groups.  Regarding muscularis externa inner circular layer width, piglets fed 

TB+ML had a higher thickness compared to ANT group, but no differences were found with 

CTR group. These results demonstrate how TB + ML treatment has a positive effect on the 

intestinal functionality of piglets. Furthermore, these results support the data concerning the 

best growth performance of piglets fed with TB + ML. 

As regards the antioxidant state, our data show how the levels of TAOC in the TB+ML group 

are statistically higher in all the intestinal portion of the small intestine. This indicated a good 

oxidative state of the piglet’s intestinal environment. Wang et al. (2019) showed an interesting 

direct antioxidant effect of Tributyrin in pigs treated with Diquat, a substance capable of 

causing oxidative stress. The treatment resulted in an increase in TAOC, the activity of 

superoxidismutase (SOD) and a reduction in MDA. The antioxidant effect of MCFA was also 

detected by Lee and Kang (2017), both in vitro (on IPEC-J2 cells) and in vivo on pigs, after the 

administration of cyclophosphamide. According to the authors, the anti-inflammatory action of 

Capric acid would occur through both the inhibition of the activity of NK-kb (Huang et al., 

2014), but also through the link with another family of nuclear transcription factors, the 

Peroxisome Proliferator-Activated Receptors (PPARs), and in particular with the PPAR-γ. In 

addition, PPAR-γ, together with another transcription factor, the Nuclear factor erythroid 2-

related factor 2 (Nrf2), plays a key role in the expression of genes in cellular antioxidant systems. 

The binding of PPAR-γ and Nrf2 with specific molecules activates their translocation at the 

cell nucleus level, where the expression of the genes of enzymes with antioxidant action such 
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as CAT, SOD, GPx and Eme-Oxygenase is stimulated (HO-1) (Lee, 2017). Among the possible 

activators of these transcription factors, 3-O-Laurylglyceril Ascorbate is of particular interest. 

This amphipathic compound, obtained from Monolaurin linked to Ascorbic acid, has 

demonstrated a direct antioxidant effect of neutralizing ROS but also indirectly through the 

stimulation of both PPAR-γ and Nrf2, thanks also to the alkyl chain of monolaurin (Katsuyama 

et al., 2016). Therefore, the improvement in TAOC shown in the group of pigs fed with TB+ML 

would suggest the effectiveness of the treatment in improving the oxidative state of the 

intestinal membrane.  

In the final analysis, considering the mortality rating among the different groups, it emerges 

that mortality was homogeneous. The only treated piglet we had during the trial was affected 

by Streptococcus suis and after the antibiotic treatment completely recovered and has not been 

included in the mortality count. In general, no significant differences occurred between groups 

regarding both mortality and antibiotic treatment. 

 

4.6 CONCLUSION 

 

Our results suggest that supplementing a basal diet with TB+ML (5 kg/ton) has beneficial 

effects on the porcine gut health, protecting the intestinal epithelium from oxidative stress 

caused by weaning. Moreover, TB+ML enhanced piglet’s growth performance, supported by 

the increase of the ileal villi length which enlarged the nutrient absorption surface. 
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5.1 ABSTRACT 

 

Across species, mother feeding is known to have an effect on the development and health of 

the offspring. The objective of the study was to evaluate the effects of dietary lauric acid 

saponified with calcium (C12-Ca soap) starting from sows’ late pregnancy, on offspring growth 

and health. Additionally, the digestion to which the product is subjected in the stomach was 

simulated to assess whether C12-Ca soaps is able to reach the small intestine of pigs. At 3 weeks 

before parturition, 16 sows were randomly assigned to two dietary treatment: basal diet (CTR) 

or basal diet with 1 kg/ton C12-Ca soap (T).  At weaning 96 piglets were chosen from the litters 

and distributed in 4 post-weaning dietary treatments, considering the mother group of origins, 

namely: CTR-CTR and T-CTR fed basal diet and CTR-T and T-T fed basal diet plus C12-Ca 

soaps (1 kg/ton). Each treatment consisted of six replicates, being the pen with 4 animals 

considered as experimental unit. Body weight (BW), average daily gain (ADG), and average 

daily feed intake (ADFI) were measured, and feed efficiency (FE) and was calculated. Fecal 

samples were taken from one piglet per replicate a 14 and 26 days of trial to evaluate 

Calprotectin (CALP) concentration. Intestinal mucosa samples of duodenum and ileum were 

used to investigate the impact of C12-Ca soaps on the total antioxidant capacity (TAOC) and 

SIgA concentration. The results showed improved BW in CTR-T pigs compared to CTR-CTR 

(P<0.05) at 26 trial days, whereas no differences were found for ADG. Similarly, ADFI was 

higher in piglets of CTR-T group compared to CTR-CTR and T-T (P <0.05) from 15 to 26 days 

and for the whole trial (0-26 days). On the contrary, the results concerning FE showed a better 

use of the feed in CTR-CTR and T-T (P<0.05) compared with other groups from 15 to 26 days 

and for the whole trial (0-26 days). No differences in mortality and antibiotic treatments were 

found. CALP concentration at 14 days was lower in T-CTR and T-T compared with the other 

groups (P<0.05), whereas no differences were observed for TAOC in both duodenal and ileum 

mucosa. SIgA concentration in duodenum was lower in T-T group compared to CTR-CTR and 

CTR-T groups (P<0.05) but no corresponding differences were found in ileum. Furthermore, it 

has been shown that C12-Ca soaps at pH 4 do not dissociate. Although the administration of 

C12-Ca soaps in the diet of the mothers did not show clear effects on the growth of the 

offspring, our findings suggest that the administration of C12-Ca soaps modulates intestinal 

inflammatory status during the first two weeks after weaning, improving an important aspect 

of the gut health.  

Keywords: Lauric acid, saponification, piglets, sows, growth performance, gut health 
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5.2 INTRODUCTION  

 

Inadequate maternal nutrition and stress during gestation can affect physiological development 

of the offspring and may increase their susceptibility to diseases later in life (Tuchscherer et al., 

2012). Across species, pigs included, it is well known that the diet of the mother has an effect 

on the growth and health of the offspring. The reproductive performance of sows and growth 

performance of the offspring is fundamental to the development of pig farming. However, 

supplementation of the diet of sows during late pregnancy and lactation is one of the less 

popular ways to positively affect the health status of offspring. Three-quarters of fetal weight 

is gained in the last quarter of pregnancy, during which sufficient energy is required to meet 

sows’ nutritional needs. Therefore, the choice of an appropriate nutritional strategy for sows 

during gestation, and the use of additives with positive effects on the health and growth of the 

offspring, is recommended.   

In the last years, studies have found that medium chain fatty acids (MCFAs) act as a source 

of energy, and have several unique roles, such as metabolic regulation, antibacterial activity, 

and anti-inflammatory effects on pig’s health and growth (Zentek et al., 2011; Liu, 2015; 

Jackman et al., 2020). However, little is known about the effects that supplementing MCFAs 

in the late gestation phase of sows may have on the growth and gut health of piglets at weaning. 

Weaning is the most critical period in the life cycle of piglets. In fact, during this time, they 

have not yet fully developed their intestinal tract and immune system (Pluske et al., 1997; 

Bailey et al., 2005; Campbell et al., 2013). Therefore, they are an easy target for pathogenic 

microorganisms causing gastrointestinal diseases (Castillo et al., 2006). They also have to adapt 

to new stressful conditions, which results in reduction of feed consumption, temporary 

malnutrition, and growth retardation (Lalles et al., 2004). The reduction of villus length and 

increased crypt depth and enzyme activity are often observed during the first 3–5 days post-

weaning, which predispose the piglets to gastrointestinal disorders and consequently lead to 

much slower growth rate during the post-weaning period (Ferrara et al., 2016). It is known that 

ileum, especially the Peyer’s patches located in its terminal region, plays a crucial role in 

targeting antigens and act as a first line of blockage of pathogens in the small intestine (Cappai 

et al., 2020).  

Antibiotic growth promoters were used to prevent these issues, but they have been banned 

by the European Union due to the development of bacteria resistance against antibiotics 

(Anadon, 2006). Moreover, today, consumers are demanding more antibiotic-free pigs, so the 

search is on for alternatives. Various nutritional approaches have been proposed to improve the 
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gut health status and prevent gastrointestinal disorders in piglets without the use of antibiotics 

(Jiang et al., 2015; 2016). One of the suitable solutions include MCFAs. MCFAs can provide a 

rapid supply of energy for the body because they can be rapidly digested, absorbed, and 

oxidatively metabolized even by young animals (Baltic et al., 2017). As intestinal epithelium 

cells are the main site of nutrient absorption, provision of such easily absorbable nutrients 

should improve their structure and function. They have also strong antibacterial activity and 

can improve post-weaning gut development (Kabara, 1972; Skrivanova et al., 2009). 

Previous research indicated that dietary provision of MCFAs to weanling pigs improved 

growth performance and gut health (Liu, 2015; Hanczakowska, 2017). In a previous study 

conducted by our research group (Giorgi et al., 2020 submitted), was shown that the 

administration of lauric acid saponified with calcium (C12-Ca soaps) in post-weaning pigs diet 

had positive effects on some gut health parameters. However, the data obtained from the study 

did not support a marked improvement in the growth performance and intestinal health of the 

piglets after weaning. Furthermore, studies investigating the application of MCFAs in general, 

and the administration of C12-Ca soaps in particular, in the maternal diet and corresponding 

effects on weaned pig performance and gut health aspects are limited (Azain, 1993; Chen et al., 

2019; S´wiatkiewicz et al., 2020). 

For this reason, the purpose of this study was to evaluate the effect of C12-Ca soaps on the 

growth performance and gut health of piglets born from mothers to which the same product 

was administered or not, in the last phase of gestation. This new study has the ultimate aim of 

responding to the hypothesis that emerged at the end of the previous work, namely: what could 

be the effect of C12-Ca soaps on the health of piglets, if its administration had started in the 

prenatal phase? 
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5.3 MATERIAL AND METHODS 

  

All procedures were approved by the Animal Welfare Committee of the Università degli Studi 

di Milano (application No. OPBA_45_2018) 

5.3.1 Animals, housing, and experimental design  

The experiment started in a commercial pig farm (Azienda Agricola Arioli&Sangali). At 3 

weeks before parturition, 16 sows were chosen and divided in two dietary treatment: CTR: fed 

basal diet and T: fed basal diet supplemented with 1 kg/ton C12-Ca soap. At weaning (28 days 

of age), 96 piglets (48 from control sows and 48 from treated sows) of average weight (7,24 ± 

0,15 kg) were chosen and transferred to Centro Zootecnico Didattico Sperimentale (CZDS) of 

the University of Milan (Lodi) for the post-weaning period. The weaning of the piglets was 

considered day 0 of the post-weaning period trial part. The post-weaning phase lasted 26 days 

in total. Once arrived to CZSD, the pigs were housed in one experimental room with 24 pens. 

Each pen had plastic slatted floors and was fitted with an adjustable stainless-steel feeder and 

two nipple waterers. The rooms were lit by a combination of daylight through skylights and 

artificial light. The temperature, humidity, CO2, and ammonium concentration of the air was 

automatically controlled. Ventilation was achieved by single, variable-speed fans linked to 

temperature sensors. The temperature inside the building was approximately 28 °C at the start 

of the trial and adjusted weekly until a final temperature of 24–25 °C was obtained. The relative 

humidity was controlled at 60–70%. The pigs had water and feed, provided in meal form, 

available ad libitum. All piglets were fed a standard commercial diet formulated to meet or 

exceed nutrient requirements for post-weaning piglets (NRC 2012) (Table 18).  
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Tab. 18 - Ingredients and chemical compositions of the basal diet fed to post-weaning piglets during the trial 
(as-fed basis, %). 
 

Ingredients (%) Basal diet 
Barley meal 20.40 
Wheat meal 16.75 
Maize meal 15.16 
Soycomil R 5.50 
Flaked wheat 4.50 
Dextrose  3.75 
Flacked maize 4.25 
Flacked barley 2.00 
Soybean meal 48% CP 6.50 
Wheat middlings 4.00 
Herring meal 2.00 
Plasma AP 420 
Soybean oil 

1.50 
2.20 

Cellulose 0.87 
L-Lysine 0.50 
Dicalcium phosphate 0.55 
Calcium carbonate 0.50 
L-Threonine 0.20 
Vitamins+trace elements1 0.25 
DL-Methionine 0.16 
Salt 0.17 
L-Tryptophan 0.04 
Animal fat 0,75 
Analysed composition (%) 
Dry matter 

 
90.29 

Crude protein 17.27 
Crude fat 4.95 
Crude fibre 3.05 
Ash 4.47 
Calcium 0.60 
Phosphorus 0.55 
Calculated composition 
DE, kcal/kg 

 
3450 

NE, kcal/kg 2460 
Lysine 1.25 
Methionine +Cystine 0.75 
Threonine 0.85 
Tryptophan  0.23 

1Premix Mineral-vitaminico aggiunto per kg di tal quale: Vitamin A: 10,000 IU; Vitamin D3: 1,000 IU; Vitamin 
E: 50 mg; Vitamin B1: 1.0 mg; Vitamin B2: 3.0 mg; Vitamin B12: 0.02 mg; Vitamin B6: 3,0 mg; Pantotenic acid: 
10 mg; Nicotinic acid: 15 mg; Biotin: 0.06 mg; Vitamin PP: 0,35 mg; Folic acid: 0,99 mg; Vitamin K3: 2 mg; 
Choline: 300 mg; Fe: 100 mg; Cu: 20 mg; Co: 0.75 mg; Zn: 100 mg; Mn: 10 mg; I: 0.75 mg; Se: 0.4 mg. 
 

There, piglets were distributed in a randomized block design considering the two maternal 

dietary treatments during gestation and lactation (CTR diet and T) and two dietary treatments 

for piglets at weaning (CTR diet and T), totaling 4 treatments. The piglets were randomly 

allocated to 1 of the 4 dietary treatments with 6 replicate pens per treatment. The experimental 

unit was the pen with 4 piglets per pen. Dietary treatments were as follows: CTR-CTR piglets 

coming from CTR sows receiving basal diet, CTR-T piglets coming from CTR sows receiving 

basal diet supplemented with C12-Ca soap (1 kg/ton), T-CTR piglets coming from T sows 
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receiving basal diet and T-T piglets coming from T sows receiving basal diet supplemented 

C12-Ca soap (1 kg/ton). A C12-Ca soap (DRAX S) product containing 30mg/kg of zinc oxide 

(0.03 g/kg) by DC Practical Solution (Via Petrarca 4, 20123, Milan, Italy) was used both in 

sows and piglets treated diet. The C12-Ca soaps were created by saponification, combining 750 

g/kg lauric acid and 100 g/kg calcium hydroxide.  

5.3.2 Animal health and therapeutic treatments 

The veterinary doctor responsible for animal welfare during the trial, checked the piglets when 

they were put on trial and only healthy piglets were allowed to the trial. No prophylactic 

antibiotic treatment was given. The veterinary doctor responsible for animal welfare during the 

trial made also the diagnoses of Streptococcus suis and decided upon the antibiotic therapy. 

The carcasses of the dead animals were sent to the Pathological Anatomy Laboratory of the 

University of Milan for necropsy analyses. Piglets treated with antibiotics were excluded from 

sample collection.  

5.3.3 Measurements, samples and product characterization  

 

At 0, 14 and 26 days after weaning the piglets were weighed, as were the amount of feed 

supplied, the feeders and the residue contained in them. From the data obtained, performance 

parameters were analyzed regarding average daily feed intake (ADFI), average daily gain 

(ADG) and feed efficiency (FE). Mortality and pathologies were recorded daily. Fecal samples 

were collected directly from the rectum of one piglet of average weight per replicate for each 

treatment (n=24) at 14 and 26 post-weaning days of trial. Two aliquots of fecal samples were 

stored at -20 °C for the determination of Calprotectin, a non-invasive marker of intestinal 

inflammation. At the end of the trial (26 days of the trial), the same piglets used for fecal 

sampling were slaughtered in accordance with current regulations at a local commercial 

slaughterhouse to collect the intestinal mucosa samples. The entire intestinal tract was removed, 

and different sections of the duodenum (n=24) and ileum (n=24) were obtained from each 

animal. Approximately 5 cm segment were obtained from duodenum and ileum and emptied of 

their intestinal contents by squeezing them. Subsequently, the mucosa was scrapped and 

collected in 15 ml Falcon tubes and immediately frozen and stored at -80 °C to assess the total 

antioxidant capacity and the concentration of secretory immunoglobulins A (SIgA). An in vitro 

experiment was also conducted on the product used in this study (C12-Ca soaps) to assess 
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whether the product dissociates in an acid environment and therefore is able to reach the small 

intestine. 

 

5.3.4 Fecal calprotectin 

 

Frozen fecal samples (0.1 g) were homogenized with 1ml of cold physiological saline solution, 

maintained in ice, and centrifuged (3,000 × g for 15 min, 4°C). Supernatants were then collected 

to perform the analysis. The concentration of calprotectin was determined by commercial kits 

(Cusabio – CSB-EQ013485PI). The assay employed the competitive inhibition enzyme 

immunoassay technique, and it was performed following the manufacturer’s instructions. 

 

5.3.5 Total antioxidant capacity (TAOC) and secretory immunoglobulins A (SIgA) 

concentration in intestinal mucosa 

 

Frozen intestinal mucosa samples (0.2 g) of duodenum and ileum were homogenized using a 

ultraturrex with 2ml of cold physiological saline solution, maintained in ice, and centrifuged 

(3,000 × g for 15 min, 4°C). Supernatants were then collected and divided in two aliquots to 

perform the analysis. The total antioxidant capacity (TAOC) activity was determined by ABTS 

method. The choice of this method was motivated by the fact that it is one of the most 

widespread analytical method to evaluate the TAOC of a sample. In summary, the ABTS test 

evaluates the antioxidant capacity through the ability of radical removal by the radical cation 

ABTS (acronym of 2,2'-azinobis (3-eylbenzothiazoline-6-6 sulfonic)). A standard solution of 

Trolox (a compound analogous to vitamin E) was used for carrying out this analysis. The 

absorbance of the samples was measured at a wavelength of 734 nm using a spectrophotometer. 

The concentration of SIgA was determined by commercial kits (Cusabio – CSB-E12063p) 

following the manufacturer’s instructions.  

 

5.3.6 Product characterization 

 

To simulate the physiological digestion that C12-Ca soaps undergoes in the stomach, 0.1 g of 

the product was weighed and then diluted in distilled water and in an acid solution with 

hydrochloric acid (HCL) of pH 4, 3 and 2. The release of calcium (Ca) in the different solutions 

was evaluated immediately after the addition of the product in the solvent (time 0) and after 2 

and 3 hours. The Ca content of the solutions was determined by commercial kits (Elabscience 
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– E-BC-K103-M) following the manufacturer’s instructions. The principle of the kit was that 

the calcium ion in the sample, bound to the Methyl Thymol Blue (MTB) in an alkaline solution, 

forming a blue complex. The calcium content was then calculated by measuring the OD value 

at 610 nm. 

5.3.7 Statistical analysis 

A completely randomized design was used. Growth performance were analysed using the 

Statistical Analysis System software (SAS version 9.4; SAS Institute Inc., Cary, NC, USA) 

applying a MIXED procedure for repeated measurements and accounting for the effects of 

treatment, time, and treatment × time interaction. Tukey-test was considered for differences 

among treatments. For the statistical analysis of mortality and antibiotic treatment, Fisher’s 

exact test was used. Regarding the laboratory analyzes performed on feces, on the intestinal 

mucosa samples of the duodenum and ileum and on the product, the statistical analysis was 

carried out using the GraphPad-Prism (version 8) software package. The data were subjected 

to variance analysis using the one-way ANOVA procedure and the differences between the 

means were compared using the Tukey-test. The pen represented the experimental unit for the 

growth performance parameters, while each pig represented the experimental unit for mortality, 

antibiotic treatment and laboratory analyses. All numerical data in the tables are presented as 

the least-square means (LSMeans) accompanied by the standard error of the mean (SEM) 

values. Differences between groups were considered statistically significant with P<0.05.  

 

5.4 RESULTS 

5.4.1 Growth performance 

Table 19 summarizes the piglet growth performance. As for BW, the animals belonging to the 

group CTR-T showed higher BW than those of CTR-CTR group (P<0.05) at 26 days of trial, 

whereas, no significant differences were found between groups at 0 and 14 post-weaning days. 

Regarding ADG no differences were found between groups. On the other hand, ADFI was 

higher in piglets of CTR-T group compared to CTR-CTR and T-T (P <0.05) in the period from 

15 to 26 days and for the whole trial (0-26 days). On the contrary, the results concerning FE 

showed a better use of the feed in groups CTR-CTR and T-T (P<0.05) compared with other 
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groups from 15 to 26 days and for the whole trial (0-26 days). In general, health conditions 

were good throughout the whole trial. No episodes of diarrhea occurred. 

Tab. 19 - Growth performance parameters of post-weaning piglets fed a basal diet alone (CTR-CTR and T-

CTR) or supplemented with lauric acid saponified with calcium (CTR-T and T-T) for 26 days1. 

 Dietary treatments  p-value 
Parameter 1 2 3 4 SEM Tr. Tm. Tr*Tm 
No. pigs/treat 
BW (kg) 

Day 0 
Day 14 
Day 26 

ADG (g/d) 
Days 0-14 
Days 15-26  
Days 0-26  

ADFI (g/d) 
Days 0-14  
Days 15-26 
Days 0-26  

FE 
Days 0-14  
Days 15-26  
Days 0-26  

24 
 

7.13 
10.35 
16.30b 

 
0.229 
0.496 
0.352 

 
0.386 
0.721b 
0.541b 

 
0.59 
0.69a 
0.65a 

24 
 

7.14 
11.07 
17.61a 

 
0.281 
0.544 
0.402 

 
0.466 
0.867a 
0.651a 

 
0.60 
0.63b 
0.62b 

24 
 

7.32 
10.74 

16.82ab 
 

0.244 
0.506 
0.365 

 
0.402 

0.822ab 
0.596ab 

 
0.60 
0.62b 
0.61b 

24 
 

7.33 
10.47 

16.75ab 
 

0.224 
0.521 
0.365 

 
0.381 
0.724b 
0.539b 

 
0.59 
0.72a 
0.67a 

 
 

0.34 
 
 
 

0.022 
 
 
 

0.037 
 
 
 

0.056 
 
 

 

 
 

0.109 
 

 

 
0.034 

 
 
 

0.0008 
 

 
 

0.0001 
 

 

 
 

<0.001 
 
 
 

<0.001 
 
 
 

<0.001 
 
 
 

<0.001 
 

 
 

 
 

0.598 
 
 
 

0.989 
 
 
 

0.922 
 
 
 

0.0034 
 
 

All results are presented as mean ± SEM 

1: CTR-CTR; 2: CTR-T; 3: T-CTR; 4: T-T; BW: body weight; ADG: average daily gain; ADFI: average daily 

feed intake; FE: feed efficiency; Tr: treatment; Tm: time; Tr*Tm: treatment*time 

1Pigs 28 post-natal days of age at the beginning of the trial 
a,bWithin rows, different superscript letters indicate a significant difference 

 

5.4.2 Mortality and antibiotic treatment  

As shown in Table 20a and 20b, during the trial, only one piglet died in T-T group due to 

Streptococcus suis infection. Seven piglets were treated against Streptococcus suis—1 in the 

CTR-T group, 3 in T-CTR group and 3 in T-T group—with individual injections of Amoxicillin 

(1ml/10kg), but there were no significant differences between groups.  

Tab. 20a Mortality and antibiotic treatment of post-weaning piglets fed a basal diet alone (CTR-CTR and T-

CTR) or supplemented with lauric acid saponified with calcium (CTR-T and T-T) for 26 days1. 

 Dietary treatments 

 CTR-CTR CTR-T T-CTR T-T 

Treated 0 1 3 3 

Dead 0 0 0 1 
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Tab. 20b - Fisher exact test mortality and antibiotic treatments results. 

 P-value 

 CTR-CTR vs 

CTR-T 

CTR-CTR vs 

T-CTR 

CTR-CTR vs 

T-T 

CTR-T vs 

T-CTR 

CTR-T vs 

T-T 

T-CTR vs 

T-T 

Treated ns ns ns ns ns ns 

Dead ns ns ns ns ns ns 

Data are presented as Fisher test and chi-square tests results. ns: not significant 
 

5.4.3 Calprotectin (CALP) concentration in faeces 

 

The CALP concentration in the feces of post-weaning piglets at 14 and 26 days is shown 

in the graphs below (Graph 1 and 2) As shown, the CALP concentration in feces at 14 

days was remarkably lower in T-CTR and T-T groups compared to CTR-CTR and CTR-

T groups (P<0.05). On the contrary, no differences between groups were found for CALP 

concentration in feces at 26 days of trial. 

 
Graph 1 and 2 – CALP concentration in feces at 14 and 26 post-weaning days. a,bdifferent letters indicate a 

significant difference. 

 

 

                 Graph 1                                                                                 Graph 2 

5.4.4 TAOC and SIgA concentration in duodenum and ileum mucosa 

 

TAOC results are presented in Graph 3 and 4. As shown, no significant differences were found 

between groups in both duodenal and ileum mucosa. However, in the graph 4, despite the high 
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variability visible in the results, it was observed that in the T-T group, the TAOC was 

numerically higher than in the other groups.  

 
Graph 3 and 4 – TAOC in duodenum and ileum mucosa of post-weaning piglets 

 
                    Graph 3                                                                                         Graph 4 

Regarding SIgA (Graphs 5 and 6) concentration in duodenum and ileum mucosa, results have 

shown that in duodenum, the SIgA concentration was significantly lower in T-T group 

compared to CTR-CTR and CTR-T groups (P<0.05). On the other hand, no significative 

differences were found between groups in ileum mucosa, even if the SIgA concentration in 

CTR-T group was numerically higher compared with other groups.  

 

Graph 5 and 6 – SIgA concentration in duodenum and ileum mucosa of post-weaning piglets. a,bdifferent 

letters indicate a significant difference. 

 

 
  Graph 5                                                                           Graph 6 
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 5.4.5 In vitro release of Calcium from C12-Ca soaps.    

 

The results presented in the graphs 7, 8 and 9 shown the digestion of lauric acid saponified with 

calcium simulated in different pH environments and in water at different times. At time 0, the 

results showed a lower calcium release from the product in water and at pH 4 compared to pH 

3 (P<0.05).  
 

Graph 7 – In vitro release of calcium in water, pH 4, pH3 and pH 2 at time 0. a,bdifferent letters indicate a 

significant difference. 

 

 

On the other hand, at time 2 (after 2 hours) and time 3 (after 3 hours), the release of calcium 

was significantly lower in water and at pH 4, compared to pH 3 and pH 2 (P<0.05). 

 

Graph 8 and 9 – In vitro release of calcium in water, pH 4, pH3 and pH 2 after 2 hours (time 2) and after 3 

hours (time 3). a,bdifferent letters indicate a significant difference. 

 

 

     Graph 8                                                                                 Graph 9 

 



 142 

 

5.5 DISCUSSION 

 

Weaning is often associated with undesirable morphological and physiological changes in the 

piglet's gastrointestinal environment related to a reduced voluntary feed intake, which 

subsequently increase susceptibility to intestinal dysfunction (Pluske et al., 1997; Lalles et al., 

2004). Since the ban on antibiotics as growth promoters and with their increasing restriction, 

measures to alleviate weaning-associated intestinal dysfunction and growth retardation have 

focused on post-weaning dietary manipulations (Pierce et al., 2005; Boudry et al., 2007).  In 

this context, dietary inclusion of medium chain fatty acids (MCFAs) to pigs’ diets has received 

increasing attention in recent years due to their multiple positive effects on growth performance 

and gut health (Zentek et al., 2011; Hanczakowska et al., 2017).  

Fatty acids are a major energy source, important components of the cell membrane, 

metabolic substrates in many biochemical pathways, cell-signaling molecules, and play a 

critical role as immune modulators (Calder, 2009). In particular, fatty acids with aliphatic tails 

of 6 to 12 carbon atoms are called MCFAs, which occur naturally as medium-chain triglycerides 

(MCT) in milk fat and various feed materials, especially coconut, palm oils and Cuphea seed 

oils (Jensen, 2002; Dayrit, 2015). Due to their many positive effects, MCFAs are great for 

feeding young animals, especially piglets (Odle, 1997; Baltic et al., 2017). In fact, MCFAs can 

be utilized directly by the enterocytes for energy production and thereby help to support the 

integrity of the intestine in young piglets (Guillot et al., 1993). MCFAs have also been 

suggested to improve gut health under inflammatory conditions. However, evidence in pigs is 

not always confirmed. Additionally, MCFAs have been shown to have antimicrobial and 

antiviral activity in gastric lining and small intestine of pigs. Zentek et al., (2012) reported that 

low dietary MCFAs supplementation affected gastric microbial ecology, decreased propionic, 

butyric and valeric acid concentrations, and increased acetic acid concentration in the small 

intestine of weanling piglets. MCFAs are mainly considered to be anionic surfactants, which, 

as a result of this property, have antibacterial effects (Mroz et al., 2006). Membrane 

destabilization by the incorporation of MCFAs into the bacterial cell wall and cytoplasmic 

membrane, as well as the inhibition of bacterial lipases, which are necessary for the colonization 

of the skin and the intestinal mucosa, are considered the cardinal mechanisms (Zentek et al., 

2011). 

Some research has indicated that maternal dietary supplementation may influence growth 

performance, immune status and gastrointestinal health of weanling pigs (Patterson et al., 2008; 
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Bontempo et al., 2004). However, until recently, nutrition of the pregnant sow has received 

little attention in general in the scientific community because of the length of studies and 

number of animals needed for statistical differences to be observed and because response 

criteria including birth weight, sow longevity, and offspring performance make sow gestation 

research complicated. For all practical purposes, this is a relatively untapped field with great 

potential to benefit swine production. In this context, the use of lauric acid (a MCFA) saponified 

with calcium (C12-Ca soaps) in the last phase of gestation of sows, may be considered an 

innovative nutritional strategy to improve the performance and intestinal health of piglets at 

weaning. 

In the present study it was shown that C12-Ca soaps improved the BW of the CTR-T group 

compared to CTR-CTR at 26-day trial. On the other hand, the absence of differences in the first 

phase of the post-weaning period (first 14 trial days) can be justified by the stress that piglets 

are usually subjected at weaning. In fact, it is well known that piglets in the first 14 days after 

weaning lost their appetite. As a consequence, the weight gain is reduced. Therefore, taking 

into account the stressful situation to which all the pigs in the trial were subjected in the first 

14 days, regardless of the dietary group, it can be considered natural that there were no 

differences in the BW of the animals. Subsequently, the pigs adapted to the change and 

therefore, it was possible to highlight a significant weight difference particularly in the CTR-T 

group at 26 days of trial. This result could lead to hypothesize a positive effect of C12-Ca soaps 

on the growth performance of piglets belonging to the CTR-T group, compared to those of the 

CTR-CTR group. However, no significant differences were found with the other groups. 

Furthermore, the results related to the ADG were homogeneous among the groups. 

Nevertheless, the positive result that C12-Ca soaps recorded for the weight in the CTR-T 

group was confirmed by the results concerning the feed intake. In fact, the ADFI of piglets 

belonging to the CTR-T group was significantly higher compared both with CTR-CTR and T-

T groups from 15 to 26 days of trial and for the whole duration of it. On the other hand, the FE 

results were conflicting as piglets belonging to the CTR-CTR and T-T groups showed better 

feed utilization than the other two groups, both from 15 to 26 days and for the whole duration 

of the trial (0-26 trial days). 

The growth performance results in the present study are in agreement with the results 

obtained in our previous study (Giorgi et al., 2020 submitted) where C12-Ca soaps (1 kg/ton) 

was administered to post-weaning piglets compared to a basal diet and a diet supplemented 

with amoxicillin. The results obtained did not show a clear improvement effect on the growth 

performance of piglets fed with C12-Ca soaps, although some parameters were positive. 
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In this context, it should be considered that the health of the piglets during the trial was 

generally good. The percentage of mortality was very low (0.9%) with only one pig dead and 

antibiotic treatments were also few in number and without significant differences between the 

groups. 

In developing management and nutritional strategies to maximize growth performance 

and health of pigs, it is critical to consider also the effect of inflammation on gastrointestinal 

(GIT) function. As we know, the GIT is not only an important organ for digestion, absorption 

and metabolism of dietary nutrients, but also is the largest immune organ in the body, which 

comprises more than 70 % of the body’s immune cells (Blikslager et al., 2007). Calprotectin is 

an inflammatory protein released from neutrophils and activated macrophages (Lallès and 

Fagerhol, 2005; Lallès et al., 2007). Moreover, fecal calprotectin is considered a non-invasive 

marker of gut inflammation and has been widely utilized in human gastrointestinal diagnostics 

(Xiao et al., 2014). However, the use of porcine fecal calprotectin as a gut inflammatory marker 

in pigs, has not been widely used in pig samples, until recently (Lallès and Fagerhol, 2005). In 

our study, fecal calprotectin concentration was used to assess the intestinal inflammatory status 

of pigs following treatment with C12-Ca soaps. In particular, the concentration of calprotectin 

was significantly lower in piglets of the T-T and T-CTR groups, in particular at 14 days post-

weaning, the most delicate period after weaning. Therefore, this was an expected result, as 

intestinal inflammation is higher in the first 14 days after weaning. This result also allows us to 

hypothesize that in this case, the administration of C12-Ca soaps in the last part of the gestation 

of the sows, had an anti-inflammatory effect on the intestines of their offspring. In fact, piglets 

with a lower fecal calprotectin concentration were those born from sows to which the product 

was administered. On the other hand, no differences were highlighted at 26 days post weaning 

between groups, as the most critical moment of weaning had passed. Therefore, it can be 

assumed that the intestinal inflammatory state had stabilized. 

It is known that oxidative stress and the inflammatory process are closely related and 

tend to stimulate each other, through the activation of NF-kb, Nuclear-factor kb (Biswas, 2016). 

In this context, the confirmation that C12-Ca soaps had a positive effect on the gut health of 

piglets, both at an inflammatory level but also on the antioxidant state, was also highlighted by 

the results obtained on intestinal TAOC. In fact, the results concerning the TAOC in duodenum 

mucosa showed that the antioxidant status of the intestinal mucosa of the pigs of the T-T group 

was numerically higher compared with the other groups, although the difference was not 

statistically significant. On the other hand, TAOC in the ileal mucosa was homogeneous 

between groups. This result is partially in agreement with our previous work (Giorgi et al., 2020 
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submitted) in which the use of Ca-laurate (1 kg / ton) in the diet of post-weaning piglets, showed 

a higher TAOC in all the segments of the small intestine (duodenum, jejunum and ileum) in the 

group treated with C12-Ca soaps compared to the control group and the group treated with 

amoxicillin.  

The antioxidant and anti-inflammatory effect of MCFAs has been highlighted by 

numerous other authors. For example, Sengupta et al., (2014), investigated the direct 

antioxidant effect of caprylic, capric and lauric acid, administered through a rice bran oil, to 

rats which were induced oxidative stress by administering arsenic. The activities of the 

antioxidant enzymes Catalase (CAT), superoxide dismutase (SOD) and Glutathione Peroxidase 

(GPx) were significantly increased in brain, liver and red blood cells. The antioxidant and anti-

inflammatory effect of MCFAs was also noted by Lee and Kang (2017), both in vitro (on IPEC-

J2 cells) and in vivo on pigs, after administration of cyclophosphamide. According to the 

authors, the anti-inflammatory action of MCFAs lies in two characteristics: the inhibition of 

NK-kb activity and the binding with another family of nuclear transcription factors, the 

Peroxisome Proliferator-Activated Receptors (PPARs), and in particular with the PPAR-γ. The 

improved intestinal antioxidant activity, particularly in the group of pigs born from mothers fed 

with C12-Ca soaps and to which the product was administered during the post-weaning phase, 

allows us to hypothesize that the C12-Ca soaps had a positive effect in preventing the oxidation 

of endogenous lipids and oxidative damage during weaning. Furthermore, the administration 

of C12-Ca soaps to sows may have played a role in improving the TAOC of the offspring, 

although the result is not statistically significant. 

However, discordant results were highlighted in the concentration of SIgA on the 

intestinal mucosa of piglets, in particular in the duodenum. SIgA are some of the main 

antibodies of the intestinal mucosa. Physiologically, the IgA secreted by the plasma cells of the 

intestinal lamina propria binds to the Ig receptors of the enterocytes. This is followed by the 

endoproteolytic cleavage of the Ig receptor near the plasma membrane which releases the 

secretory component in the lumen for the formation of the SIgA complex (Mantis et al., 2011). 

This antibody has been shown to play a crucial role in the intestinal mucosal immune system 

as a specific first line of defense, thanks to its ability to prevent adhesion and invasion by 

pathogenic bacteria and neutralize the toxins produced by them. Therefore, the level of SIgA 

in the intestine was used as an indicator to evaluate intestinal mucosal immunity. Low 

concentrations of SIgA have been reported to be associated with increased bacterial adhesion 

to the mucosa (Shen et al. 2014; Wu et al., 2016). In the present study, the concentration of 

SIgA in the duodenal mucosa of piglets was significantly lower in the animals belonging to the 
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T-T group than in the CTR-CTR and CTR-T groups. Similarly, the SIgA concentration in ileum 

mucosa was numerically higher in CTR-T group compares with others, even if the difference 

was not significative. The low concentrations of intestinal SIgA in the T-T group may indicate 

a decrease in defensive capacity of the piglet’s mucosal immune system. This result may be 

related to the only animal that died in the trial belonging to the T-T group, which, following a 

lower mucosal immunity, may have been more susceptible to S. suis infection. This hypothesis 

is also supported by the fact that the T-CTR and T-T group recorded more antibiotic treatments 

against S. suis than the other two groups.  

It is well known that the free form of MCFAs, and of fatty acids in general, are rapidly 

absorbed in the first tract of the small intestine. Moreover, MCFAs are absorbed more 

efficiently by the gastrointestinal tract than other fatty acids. In fact, pigs can partially absorb 

MCFAs starting from the stomach (Liu 2015). For this reason, MCFAs are often administered 

in the diet of pigs in a protected form to retard their absorption. An innovative form of 

administration is represented by the saponification of MCFAs (Giorgi et al., 2020 submitted). 

In the previous study conducted by our research group, it was hypothesized that the 

saponification of lauric acid with calcium could delay the absorption of the fatty acid allowing 

it to reach the small intestine. However, the hypothesis had not been confirmed. Instead, in the 

present study, through an in vitro simulation of the digestion that C12-Ca soaps faces in the 

stomach of a post-weaning pig, it was possible to demonstrate how this product is able to bypass 

the stomach and reach the duodenum. In fact, the results obtained by simulating the digestion 

of C12-Ca soaps in solutions with different pH compared to distilled water, showed that calcium 

does not dissociate from lauric acid at pH 4 as well as in water compared to pH 2 and 3.  

The pH of the piglets' stomach, after the first hours of lactation after birth, drops to 

around 4 to remain there until weaning and, in most cases, during the first three to four weeks 

after weaning. Callegari and colleagues (2015) found that at 63 days of life (40 days after 

weaning) the stomach pH of piglets who had received a basal diet without any supplement was 

4.39 on average. Indeed, weaning pigs have a limited ability to secrete HCl, which can cause a 

higher gastric pH (Efird et al., 1982). It is only about 3 weeks after weaning that gastric pH 

gradually drops to mature levels (2 to 3) (Roth, 2000; Callegari et al., 2015). Considering that 

the piglets used in the trial object of this study were 54 days old, we can assume that the pH of 

their stomach was about 4. Therefore, it is possible to state that C12-Ca soaps was able to 

overcome the stomach and reach the small intestine where it exerted the positive effects that 

we have highlighted both in the course of this study and in the previous study (Giorgi et al., 

2020 submitted). 
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5.6 CONCLUSION 

 

The administration of C12-Ca soaps in the diet of post-weaning piglets born from sows 

fed or not with the same product in the last 3 weeks of gestation, showed positive effects on 

some parameters of piglets’ gut health. In particular, C12-Ca soaps improved the intestinal 

inflammatory status of piglets born from mothers fed the product. Moreover, the intestinal 

TAOC was numerically increased in pigs fed C12-Ca soaps. The results relating to piglets’ 

growth performance and to the intestinal immune effect need further study. Similarly, the 

maternal effect from the administration of C12-Ca soaps and the effect of the product on the 

mothers themselves, is to be further investigated, considering that in this study the objective 

was to investigate the action of C12-Ca soaps mainly on the piglet growth and health. In this 

study, it was also demonstrated how saponification is effective in protecting lauric acid from 

digestion that takes place in the stomach, allowing it to reach the small intestine. 
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6.1 ABSTRACT 

 

The fatty acids (FAs) of different chain length have been suggested as an alternative to the use 

of antibiotics in animal production with promising results. Moreover, the role of substances 

derived from bovine milk in wound healing has been investigated and there are increasing 

evidences showing that milk and colostrum components protect gut against injuries and 

promote gut development. In this study a porcine in vitro model using the porcine cell line 

IPEC-J2 was used to test the effects of butyric acid (C4), lauric acid (C12) and different bovine 

milk fraction (complete milk, milk cream and defatted milk) on intestinal cell proliferation. Cell 

proliferation assay (XTT test) was performed on both growing and differentiated cells using 

different FAs (100μmol, 50μmol and 20μmol) and milk fractions (20%, 10%, 5% and 1%) 

concentration. The results showed that 100μmol of C12 and C4 improved differentiated cell 

proliferation compared with CTR (P<0.05) whereas, no significative differences were found in 

growing cells. Regarding the milk fractions effect, results showed that the exposure of IPEC-

J2 growing cell to 10% milk cream improved cell proliferation compared to complete milk and 

defatted milk (P<0.05), comparably with CTR. On the other hand, 5% cream milk showed an 

increase in cell proliferation compared to both CTR and cream and defatted milk. No 

differences were found on growing cell proliferation for 20% and 1% milk fractions compared 

with CTR. Similarly, no significative differences were registered on differentiated cell 

proliferation exposed to 20%, 10%, 5% and 1% milk fraction. In conclusion, exposure of 

porcine IPEC-J2 cells to different concentrations of C12 and C4 did not reveal any negative 

effects on cell growth. Furthermore, 100 μmol of C12 and C4 enhanced the proliferation of 

differentiated intestinal cells. Similarly, the effect of different milk fractions on pig's intestinal 

cells had no negative effects on cell growth, improving proliferation especially with 5% cream. 

 

 

 

Keywords: fatty acids, bovine milk, IPEC-J2 cell line, cell proliferation, pig 
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6.2 INTRODUCTION 

 

Gastrointestinal disorders are one of the major causes of losses in pig production. For decades, 

antibiotics have been successfully used to solve farming problems, especially in delicate 

moments of pigs’ life cycle as weaning. However, there is an increasing concern regarding 

public health due to the rise of antibiotic-resistant bacteria besides to the impact on the 

environment (Kemper, 2008; Davies and Davies 2010; Heuer et al., 2011). Nowadays, high 

efforts are carried out in the search of alternatives to substitute or at least decrease the use of 

antibiotics in animal production (Allen et al., 2013; Seal et al., 2013).  

Fatty acids (FAs) of different chain length have been suggested as alternatives to the use of 

antibiotics in animal nutrition with promising results, especially on their gut health and growth 

performance. Furthermore, few adverse effects of FAs have been found, which ensures their 

easier acceptance as animals feed additives by consumers. 

Short chain fatty acids (SCFAs) are FAs fatty acids produced by the bacterial fermentation 

of residual carbohydrates and proteins in the colonic contents (Sakata 1989). In particular, 

butyric acid demonstrated to be rapidly absorbed by and provides energy to colonocytes. 

Moreover, its effect on the colonic tissues in pigs after increasing its production by butyrogenic 

dietary substrates, or after cecal administration, have been demonstrated (Kien et al. 2007).  

Additionally, in pig colon, butyrate inhibits apoptosis of mucosal cells in vivo through up-

regulating the expression of the anti-apoptotic signal Bcl-2 as shown by Mentschel and Claus 

(2003). Moreover, the administration of butyrate in piglets diet led to an increase of jejunal 

villus length and mucosal thickness, suggesting an increase in proliferation of jejunal intestinal 

cells (Kotunia et al. 2004) 

On the other hand, MCFAs are saturated fatty acids with 6-12 carbon atoms. They are found 

in many natural sources like coconut and palm kernel oil (Dayrit, 2015) and in the milk of 

different animal species (Breckenridge and Kuksis 1967; Jensen, 2002). Different in vitro and 

in vivo studies conducted on lauric acid have shown a particular antimicrobial effect against 

some algae, fungi, protozoa, viruses and Gram-positive bacteria (Desbois and Smith 2010) 

whereas results on its effect against Gram-negative are contradictory (Zentek et al., 2011). For 

this reason, lauric acid has the potential to replace antibiotics in feed to prevent post-weaning 

diarrhea and increase overall pigs’ productivity. However, the effects of lauric acid on the 

intestinal epithelial cells remain unclear.  

Nowadays, alternatives are being developed not only to reduce the use of antibiotics in 

animal production, but also to reduce the use of animals in scientific studies. Intestinal epithelial 
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cell (IEC) lines give an approach to the mechanisms of signaling pathways related with the 

interaction between the epithelial cell and bacteria or viruses. Compared with animal model, 

cell line studies are less expensive, associated with no ethical concerns, and provide highly 

controlled simple model to investigate isolated factors, for example diet, on the IECs response. 

The IPEC-J2 cell line is one of the most often used porcine intestinal in vitro model. IPEC-

J2 is a non-transformed and non-tumorigenic intestinal cell line isolated from the jejunum of 

an unsuckled neonatal piglet (Berschneider, 1989) and is morphological and functionally 

similar to IECs. This cell line has been used for morphological studies regarding the integrity 

of epithelial monolayer in microbiological studies (Brosnahan and Brown 2012) or the response 

to bacterial challenge after pre-treatment with different substances (Spitzer et al., 2016). They 

have also been used to study the epithelial innate immune responses by measuring the 

expression of epithelial and immune-related genes (Brasnahan and Brown 2012; Stoy et al., 

2013). This cell line can secrete mucin, produce cytokines/chemokines, and express Toll-like 

receptors similar to those of the original tissue. It conserves its epithelial nature and can serve 

as a convenient model to simulate innate immune functions of the intestinal epithelium. Two 

major points demonstrate that IPEC-J2 represents a better model of normal intestinal epithelial 

cells than transformed cell lines: 1) they maintain their differentiated characteristics and exhibit 

strong similarities to primary intestinal epithelial cells and 2) IPEC-J2 cells can be an 

appropriate model through the advantage of direct comparison with the experimental animal 

(Schierack et al. 2006). 

As feed additive to improve the gut health, bovine colostrum and milk are quite interesting 

because they contain several bioactive molecules with immune-regulatory and antimicrobial 

properties that are essential for development of immune system (Gill et al., 2000; Smilowitz et 

al., 2014; Bagwe et al., 2015). The role of substances derived from milk or colostrum in wound 

healing has been investigated (Velioglu Ogunc et al., 2008; Zava et al., 2009; Blais et al., 2014) 

and there are increasing evidences showing that milk and colostrum components protect gut 

against injuries and promote gut development and growth performance (Blais et al., 2014). 

Therefore, the use of milk and colostrum as a feed additive to promote intestinal health has 

been proposed, yet little is known about mechanisms implicated in its beneficial properties on 

intestinal epithelial cells.  

For these reasons and taking into account all the positive effects that FAs and milk fractions 

have on the gut health of piglets, in this study the efficacy of different fatty acids and milk 

fractions was tested on IPEC-J2 porcine cell line proliferation and viability.  
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6.3 MATERIALS AND METHODS 

 

The experiment was conducted at the Sherbrooke Research and Development Center 

(Agriculture and Agrifood Canada, Sherbrooke, Quebec). 

 

6.3.1 Cell culture conditions 

 

Non-transformed porcine intestinal epithelial IPEC-J2 cells, derived from newborn piglet 

jejunum, were kindly provided by Dr. Joshua Gong (Agriculture and Agri-Food Canada, 

Guelph, Ontario, Canada). The IPCE-J2 cells were grown in a humidified incubator at 37°C 

under 5% CO2 in 25cm2 cell culture dish (Corning Inc., Corning, NY). Cells were grown in 

Dulbecco’s modified Eagle medium/Ham’s F-12 [1:1], namely growing medium (DMEM/F12; 

Wisent Inc.) supplemented with 5% heat inactivated fetal bovine serum (FBS; GibcoTM), 1% 

insulin-transferrin-selenium (ITS premix: insulin 1 mg/ml, transferrin 0.6 mg/ml and selenium 

0.6 μg/ml; Corning), 5 ng/ml epidermal growth factor (EGF; Corning), 1% L-Glutamine (L-

GLU; Wisent Inc.), and 1% antibiotic-antimycotic solution 100X (Multicell). The cells were 

seeded in 96-well plates at a density of 105 Cells/ml and grown for 3-4 days until they reached 

the confluence. Once confluence was reached, the growing medium was replaced in some of 

the petri dishes with differentiation medium to achieve cell differentiation.  The differentiation 

medium had the same composition of the growing medium except for the absence of the FBS 

that stimulate the growth of the cells. The FBS-deprived medium induced differentiation by 

arresting cells growth. Cell differentiation is the process through which a cell undergoes 

changes to become a more specific type of cell; intestinal epithelial cells in this case. The main 

difference between differentiated and growing cells is that differentiated cells are specialized to 

perform a unique function in the body, whereas growing cells undergo proliferation and are 

capable of self-renewing. IPEC-J2 cells were selected precisely because are not transformed 

and have the potential to differentiate (Brosnahan and Brown, 2012).  

The medium was replaced every 2 days to avoid nutrient depletion in both growing and 

differentiating cells. The differentiated cells were ready in 8-10 days after the passage from 

growing to differentiation of medium.  
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6.3.2 Proliferation and viability assay using the XTT test 

 

The determination of cellular proliferation, viability and activation are key areas in a wide 

variety of cell biological approaches. Cell proliferation and viability assays are of particular 

importance for routine applications. Tetrazolium salts XTT are especially useful for assaying 

the quantification of viable cells. The assay is based on the cleavage of the yellow tetrazolium 

salt XTT to form an orange formazan dye by metabolic active cells. Therefore, this conversion 

only occurs in viable cells. The formazan dye formed is soluble in aqueous solutions and is 

directly quantified using a scanning multi-well spectrophotometer (ELISA reader). This 

ensures a high degree of accuracy, enables on-line computer processing of the data (data 

collection, calculation and report generation) and, thereby, allows the rapid and convenient 

handling of a high number of samples. Cells, grown in a 96 well tissue culture plate, are 

incubated with the yellow XTT solution for a minimum of 30 minutes up to a maximum of 24 

h. After this incubation period, orange formazan solution is formed, which is 

spectrophotometrically quantified using an ELISA plate reader. An increase in number of living 

cells results in an increase in the overall activity of mitochondrial dehydrogenases in the sample. 

This increase directly correlates to the amount of orange formazan formed, as monitored by the 

absorbance. When the color turns red the reaction is over. To determine the appropriate dose of 

FAs and milk fractions for small intestinal epithelial cells used in this study, the viability of 

IPEC-J2 cells was monitored. Cell proliferation assay (XTT test) was performed on both 

growing and differentiated cells previously cultured in 96-well plates. When the cells reached 

confluence, they were further incubated for 24h at 37°C with the different concentrations of 

FAs (100μmol, 50μmol and 20μmol) and milk fractions (20%, 10% and 5%). After 24h of 

incubation the wells were washed two times with HBSS (Wisen Inc.). Then, 150 μl of XTT 

solution suspended in the Opti-MEM was added to each well following the manufacture’s 

instruction (Cell Proliferation Kit II, Roche). Cells were further incubated for a total of 4h and 

the plates were read at 30 min., 60 min., 2h and 4h. The absorbance was measured at 492/690 

nm using a SoftMax Pro 5 plate reader (Molecular Devices). The absorbance measured at 690 

nm served as the background and was subtracted from that measured at 492 nm. In total, three 

independent experiments were done in triplicate. The results were compared with the mean of 

the negative control group to be expressed in % of absorbance. 

 

6.3.3 Fatty acids used on IPEC-J2 cell line 
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During the test different type of fatty acids were used. The MCFAs tested in this trial was lauric 

acid (C12). Together with lauric acid, butyric acid (C4) have also been used, to better compare 

the possible different effects of both MCFAs and SCFAs on cells proliferation. Lauric acid was 

provided by Sigma Aldrich Canada whereas butyric acid was provided by Millipore. The stock 

solution 100Mm of lauric acid, was prepared in 13 mm × 100 mm Pyrex glass tubes with screw 

caps adding 100 mg FA powder in 1 ml of ethanol 100% and stirred for 1 hour at 37°C. The 

stock solutions 500 mM for butyric acid have been ordered ready to use and have been used 

since. After preparation, the stock solutions were stored at -20°C until analysis. Both lauric and 

butyric acid were tested on IPEC-J2 cells at final concentrations of 100μmol, 50μmol and 

20μmol at 1% bovine serum albumin (BSA).  

 
6.3.4 Milk fractions used on IPEC-J2 cell line 

 

The milk used in this study was collected by the team of the dairy farm of the Sherbrooke 

Research and Development Centre (Agriculture and Agri-food Canada, Sherbrooke). The milk 

was collected in sterile 50 ml Falcon tubes kept immersed in ice for more than an hour, in order 

to freeze the fat in the milk. Subsequently, the tubes were centrifuged at 1900 x g for 15 min at 

4°C. This centrifugation allows the milk to be separated into two layers: the fat on top and the 

defatted milk on the bottom. After centrifugation, the falcons were put on ice for 10/15 minutes 

in order to solidify the fat. Then, the fat layer was recovered from the defatted fraction. Milk 

cream and defatted milk were both aliquoted and stored at -20°C together with other aliquots 

of complete milk in order to have aliquots of cream, complete and defatted milk. The milk 

fractions were finally used on IPEC-J2 cells at final concentrations of 20%, 10% and 5% and 

1% BSA.  

 

6.3.5 Statistical analysis 

 

Data are presented as means ± SEM. Analysis was performed using GraphPad Prism Version 

8 (GraphPad Software). The significant difference in assay values was evaluated using one-

way ANOVA, followed by the Tuckey’s multiple comparison test. A value of P < 0.05 was 

considered to be statistically significant. 
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6.4 RESULTS 

 

6.4.1 C12 and C4 effects on growing and differentiated porcine IPEC-J2 cell line 

proliferation  

 

As shown in Graph 10, no significative differences were found between C12 and C4 compared 

with CTR in all the FAs concentration tested on growing cell proliferation. On the contrary, 

Graph 11 shown how the exposure of IPEC-J2 differentiated cells to 100μmol of both C12 and 

C4 improved cells proliferation (P<0.05).  

 

 

 

6.4.2 Milk fractions effects on growing and differentiated porcine IPEC-J2 cell line 

proliferation  

 

No significative differences were found in the effect of 20% and 1% milk fractions on growing 

IPEC-J2 cell line (Graphs 12 and 15). On the contrary, Graph 13 showed that 10% milk cream, 

had an improving effect on the proliferation of growing cells, comparable to CTR, and greater 

than complete milk and defatted milk (P<0.05). Moreover, the exposure of growing IPEC-J2 

Graph 10 – C12 and C4 effect on growing IPEC-J2 

cells proliferation 

Graph 11 – C12 and C4 effect on differentiated 

IPEC-J2 cells proliferation. a,bdifferent letters 

indicate a significant difference. 
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cells to 5% of milk cream (Graph 14) improved cell proliferation compared with CTR, the 

complete milk and defatted milk (P<0.05). 

 

 

 

 

 

 

 

 

 

 

Graph 12 – 20% Milk fractions effect on growing 

IPEC-J2 cells proliferation 

Graph 13 – 10% Milk fractions effect on growing 

IPEC-J2 cells proliferation. a,bdifferent letters 

indicate a significant difference. 

Graph 14 – 5% Milk fractions effect on growing 

IPEC-J2 cells proliferation. a,bdifferent letters 

indicate a significant difference. 

Graph 15 – 1% Milk fractions effect on growing 

IPEC-J2 cells proliferation 
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Regarding the effects of the 20%, 5%, and 1% milk fractions on the differentiated IPEC-J2 cell 

line, results did not show significant differences (Graphs 16, 17, 18 and 19).  

 

.  

  

 

 

 

 

Graph 16 – 20% Milk fractions effect on 

differentiated IPEC-J2 cells proliferation 

Graph 17 – 10% Milk fractions effect on 

differentiated IPEC-J2 cells proliferation 

Graph 18 – 5% Milk fractions effect on differentiated 

IPEC-J2 cells proliferation 

Graph 19 – 1% Milk fractions effect on differentiated 

IPEC-J2 cells proliferation 
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6.5 DISCUSSION 

Intestinal mucosa undergoes a continual process of proliferation, differentiation, and apoptosis. 

In particular, intestinal epithelium displays the highest turnover of all solid organs. In pigs, 

intestinal epithelial cell proliferation and growing is very active and the whole population is 

entirely renewed every 2 to 3 days (Gelberg, 2014). This is necessary because it must maintain 

a constant and effective barrier function in a harsh intestinal environment and, at the same time, 

ensure the absorption of all the necessary nutritional principles (Barker et al., 2012).  

In the present study, we used non-transformed porcine jejunum-derived IPEC-J2 cells to 

study the effect of butyric acid (C4), lauric acid (C12), and different milk fractions on cell 

proliferation. The choice of this cell line is given by the fact that it is a cellular line well known 

for forming confluent polarized monolayers with apical and basolateral regions, allowing an in 

vitro model of the intestinal epithelium. 

Butyric acid already proven to have effects on cell proliferation (Blottiere et al., 2003). In 

general, it has proven to have many positive effects on the gut health of piglets as ease the 

transition of piglet weaning (de Lange et al., 2010; Heo et al., 2013; Thacker et al., 2013), 

improve growth performance (Piva et al., 2002a), stimulate gut maturation (Mazzoni et al., 

2008; Mallo et al., 2012) and increase mucosa thickness (Kotunia et al., 2004). These studies 

show the potential proliferative effects of butyrate on the porcine intestine.  

Similarly, lauric acid have been proposed as a potential alternative to antibiotics based on 

its long-known antibacterial activity (Skrivanova et al., 2006). In contrast to antimicrobial 

agents, lauric acid (as all the other MCFAs) have not shown evidence of acquiring resistance 

(Manohar et al., 2013). Besides this, lauric acid is an immediate source of energy for pigs, due 

to its rapid passive absorption and digestion (Li et al., 2015; Schonfeld et al., 2016). However, 

although the effects of lauric acid on intestinal epithelial cells have already been partially 

investigated (Yang et al., 2020), its real effects remain unclear. 

In the present study, the exposure of porcine IPEC-J2 cell line to both C4 and C12 did not 

cause negative effects on cell proliferation and viability.  In fact, the results were perfectly 

comparable to the control, so cell proliferation was not reduced. Indeed, C4 and C12 had an 

even better effect on differentiated cell proliferation compared with control, when their 

concentration was 100 μmol. Although the other concentrations used (50 μmol and 20 μmol) 

were also not deleterious to cell health, we can hypothesize that a higher concentration of both 

C12 and C4 was able to bring greater benefits to the cells. These results are in agreement with 

the work of Yang et al., (2020), who demonstrated that 0.25-0.1 mM of C12 promoted IPEC-

J2 cell differentiation. On the contrary, at 1 mM or higher concentrations, it induced IPEC-J2 
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cell viability decreases, lipid accumulation, cell proliferation inhibition, and cell apoptosis. This 

dual effect was observed also in primary culture in the work of Blottiere et al., (2003). Indeed, 

at low concentrations (0.05 and 0.1 mM) butyrate mildly stimulated cell proliferation. At >1 

mM butyrate dose-dependently inhibited cell proliferation. 

To consider milk as a nutrient providing only necessary nutrition to postnatal development 

in young mammals is now an outdated concept. Milk from different species contains more than 

2000 molecules, some of them exhibiting biological properties: molecules that facilitate the 

uptake of nutrients, antibacterial substances and enzymes, alongside hormones and growth 

factors (Guimont et al., 1997). In the past, many cell culture researchers have used milk 

fractions or by-products as components in culture media or as a substitute for fetal calf serum 

(FCS) due to the nutritional properties of milk or its fractions. It should be also mentioned that, 

in addition to the basic nutritional medium, culture media for animal cells contain growth 

factors, adhesion factors, and transport proteins, and that these three types of factors are 

naturally present in milk. Furthermore, intestinal explants incubated in media with or without 

colostrum revealed that it may stimulate the expression of genes involved in epithelial cell 

migration along the crypt–villous axis and genes bearing anti-apoptotic properties (Huguet et 

al., 2007). Therefore, it is possible to say that bovine milk and/or colostrum has numerous 

positive effects on cellular health in vitro.  

Studies in vivo, have shown that bovine colostrum, when included in diets for weaning 

piglets, led to increased growth performance (Pluske et al., 1999). Such an effect on growth 

was associated with increased feed intake and the results showed that colostrum had a positive 

effect of up to five weeks after the end of the study (Le Huërou-Luron et al., 2004). 

The results obtained in our study showed that, in general, cell proliferation was not adversely 

affected by exposure to milk fractions, although, especially in differentiated cells, proliferation 

was numerically slightly lower than control, but the difference was not significant. On the 

contrary, the exposure of IPEC-J2 growing cell to 10% milk cream improved cell proliferation 

compared to complete milk and defatted milk. This effect was totally comparably to CTR. 

Moreover, 5% cream milk showed an increase in cell proliferation compared to both CTR and 

cream and defatted milk. These results are in line with the work of Blais et al., 2014, where the 

authors highlighted that both colostrum and cheese whey, used on IPEC-J2 cell line to 

investigate their effects on mechanisms involved in the cellular wound-healing process, 

increased cell proliferation, with the highest values observed with the highest concentration 

tested (10 mg/ml). 
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6.6 CONCLUSION 

In conclusion, lauric acid and butyric acid not reveal any negative effects on porcine intestinal 

cell proliferation. Furthermore, 100 μmol of both lauric acid and butyric acid enhanced the 

proliferation of differentiated cells. Similarly, the effect of complete milk, milk cream and 

defatted milk on pig’s intestinal cells was not deleterious in general. Moreover, cell 

proliferation improved with 5% cream milk. Therefore, it is possible to state that lauric acid, 

butyric acid and some milk fractions have a positive effect on pig’s intestinal health, improving 

cell proliferation without negative effects. 
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7.1 GENERAL DISCUSSION 

 

It is well known that nutrition, is one of the main factors influencing animal health and 

performance. Nowadays, in the context of livestock production, the use of nutritional strategies 

to improve growth performance and animal health has assumed a fundamental role in the search 

for possible substitutes of antibiotics, which were widely used in the past to overcome  farming 

problems, especially in the most delicate phase of the life cycle of the animals, as piglets 

weaning. 

The main objectives of this thesis were to evaluate innovative and sustainable nutritional 

strategies to improve the gut health of monogastric animals, and therefore, propose possible 

alternatives to the use of antibiotics. In particular, this thesis has focused on the effects of 

SCFAs and MCFAs in the pigs’ diet. Specifically, it highlighted the different effects of an 

innovative form of administration of lauric acid (lauric acid saponified with calcium) and a 

blend of esterified tributyrin and monolaurin as dietary treatments in pigs, in the most delicate 

moment of their life: the post-weaning period.  

The choice of SCFAs and MCFAs was driven by the fact that these fatty acids have been 

shown to be truly effective for improving the health and growth of young animals, such as 

piglets. The gut health supporting role of SCFAs and MCFAs have been extensively studied 

due to their numerous positive effects on pigs that can be seen especially when health of the 

animals is endangered, as in the post-weaning period. In particular, the beneficial effect of 

SCFAs is closely correlated with increasing proliferation and decreasing apoptosis of intestinal 

cells. In fact, SCFAs can act as a major source of energy for intestinal epithelium, stimulating 

enterocyte proliferation. Likewise, MCFAs have specific nutritional and metabolic effects, 

including rapid digestion and passive absorption that make them directly usable by enterocytes 

for energy production, by promoting and improving intestinal integrity. SCFAs and MCFAs 

are also able to improve the intestinal inflammatory and oxidative status of pigs. 

The therapeutic effects of SCFAs and MCFAs also include antibacterial, antimicrobial and 

bacteriostatic properties that can improve intestinal microecology and protect pigs from 

bacterial infections, both against Gram-positive and Gram-negative bacteria. As has already 

been pointed out, the exact mechanism is not known yet, but it is considered that SCFAs and 

MCFAs together have a synergistic effect on bacteria. Research suggests that MCFAs are able 

to penetrate the microorganism’s cell walls, due to their specific amphipathic chemical structure, 

which damages the bacterial cell membrane, solubilizing the lipids and phospholipids in the 

envelope of the pathogen (of Gram-positive in particular) leading to leakage of intracellular 
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material and thus allowing SCFAs access into the bacterial cytoplasm. Once inside the 

microbial cell, SCFAs dissociates in the more alkaline environment of the cytoplasm, resulting 

in a decrease of bacterial intracellular pH. The change in pH influences the cellular metabolism, 

interrupting or modifying the vital processes of the bacterial cell. However, the effectiveness 

of both SCFAs and MCFAs is limited due to prompt absorption and metabolism in the stomach 

and in the duodenum, which limits the amount that reaches the lower gut and therefore, their 

ability to modulate the intestinal health.   

For this reason, in the first study presented in this thesis, the effect of an innovative form of 

administration of lauric acid (a MCFA) in the diet of weaning pigs, namely lauric acid 

saponified with calcium, was evaluated. The use of this product, although it has not shown a 

clear improvement in the growth performance of piglets, has nevertheless shown to have a 

promoting effect on gut health, increasing the antioxidant capacity of the intestine and also 

acting on some parameters of intestinal morphology. However, the antibacterial, anti-

inflammatory and immune activity was not relevant and would justify a study focusing only on 

the antibacterial effect of this product. 

In the second study included in this thesis, the focus was instead on a further form of 

administration of fatty acids in post-weaning pigs’ diet, namely a product based on esterified 

tributyrin (a SCFA) and monolaurin (a MCFA). Currently, considering that esterification is one 

of the most widely used forms of fatty acid administration in pig nutrition, and that the 

synergistic effect of SCFAs and MCFAs is able to amplify the positive effects on animal health 

and growth, the use of this type of product was very promising. Indeed, from the results 

obtained it was possible to highlight how the administration of esterified tributyrin and 

monolaurin has beneficial effects on pigs’ gut health, protecting the intestinal epithelium from 

oxidative stress caused by weaning. In addition, the product improved the growth performance 

of piglets, supported by the increase in ileal villous length. However, even in this case, the 

effect on the intestinal inflammatory and immune status and the antibacterial activity was not 

relevant.  

In this context, it should be considered that the effect of fatty acids, both short- and medium 

chain, is strongly linked to numerous factors, such as: the concentration, the duration of 

administration, the form of administration, the matrix on which the analysis are performed and 

obviously, the timing with which the samples are taken during the trials. For this reason, the 

effect of SCFAs and MCFAs on intestinal inflammatory and immune status and antibacterial 

activity is not always confirmed in scientific studies. 
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The third study presented in this thesis aimed to further investigate the effect of lauric acid 

saponified with calcium in post-weaning piglet diets. To better evaluate the improvement effect 

on the growth performance and gut health of the piglets, the product was administered both to 

sows in the last phase of pregnancy and their offspring after weaning. Also, in this case, the 

effect of lauric acid saponified with calcium on piglet growth performance was not clear, in 

agreement with the results obtained in the first trial. However, an ameliorative effect of the 

intestinal inflammatory state of piglets fed the product was shown in this study, particularly in 

the first two weeks after weaning. Similarly, although the results were not statistically 

significant, the antioxidant capacity of the intestine was also higher. On the contrary, the 

intestinal immune status showed conflicting results, still in line with the results obtained both 

in the first study examined but also in the second. In fact, in none of the previous works covered 

by this thesis, it was possible to highlight a clear positive effect of both products on the intestinal 

immune status of pigs. 

Ultimately, to conclude this thesis, the aim of the fourth study was to investigate the effect 

of lauric acid, butyric acid and some milk fractions in vitro on porcine IPEC-J2 cell line. The 

results showed that both fatty acids and milk fraction not have any negative effects on porcine 

intestinal cells proliferation. Furthermore, cell proliferation improved, especially when cells 

were exposed to 100 μmol of both lauric acid and butyric acid and to 5% milk cream.  

Therefore, it was also possible to prove in vitro how both short- and medium chain fatty 

acids, but also some milk fractions, have a positive effect on the gut health of the pig, improving 

cell proliferation without negative effects. 
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7.2 CONCLUSION 

 

In conclusion, I believe that this thesis can improve the knowledge on the beneficial effects of 

short- and medium chain fatty acids included in pigs’ diet, especially during a delicate moment 

as weaning. The dietary inclusion of these substances is an innovative nutritional approach that 

improves piglet’s production and health without negative effects on the animals, helping them 

to face the post-weaning period. Furthermore, to the best of our knowledge, the use of lauric 

acid saponified with calcium and the blend of esterified tributyrin and monolaurin in pig diets, 

has never been investigated before in the scientific literature. 

Certainly, further studies will be needed to better understand their effects on pigs, 

considering that not all the results we have obtained have shown a clear improvement effect on 

pig health and growth. In particular, the following topics may be of interest to better investigate 

the effects of SCFAs and MCFAs in the zootechnical field: 

• Evaluate the efficacy of lauric acid saponified with calcium and the blend of 

tributyrin and monolaurin at different inclusion levels, in different species and in 

different physiological periods aimed to enhancing animal health and productivity, 

not only in pigs post-weaning period; 

• Further investigate the antibacterial effect of lauric acid saponified with calcium, 

perhaps in a challenge trial with S. suis, one of the most deleterious pathogens for 

the swine industry. 

• Check the ability of lauric acid saponified with calcium to reach intact not only the 

duodenum but also other intestinal tracts as jejunum and ileum. 

• Better investigate the effect that these products can also have on the health and 

productive performance of mothers to better understand the possible effect on the 

offspring. 

• Deepen the knowledge about the action of short- and medium chain fatty acids and 

milk and / or colostrum on pig intestinal cells by focusing on wound-healing, TEER 

and the gene expression of particular genes useful to better clarify the effect of these 

substances on the gut health of the pig. 
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