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Abstract 

World population growth is leading to an increase of the of food from animal origin 

demand. For the future of the planet and food-production system sustainability some 

important issues required to be faced. Antimicrobial resistance is one of the most 

important global concerns cause of thousands of deaths per year and livestock can 

contribute to the antimicrobial resistance spreading. In livestock, the highest use of 

antibiotic treatments is recorded in young animals, due to their immature immune 

system, and the presence of several stress sources that predispose young animals to 

develop multifactorial diseases, particularly from gastrointestinal origin, that causes 

important economic losses and antibiotic use. Nutrition is no longer considered as 

science that only satisfies nutritional requirements but is considered fundamental for 

its functionality through the supplementation of ingredients and additives which 

contain bioactive molecules that positively impact on health. Functional feed 

ingredients and additives possess bioactive characteristics, such as antibacterial and 

antioxidant activities, capable of contrasting infections and improving animal health 

or a particular organic function. Preserving intestinal health decreases the incidence of 

pathologies, optimises digestive processes, and promotes animal performance thus 

resulting in higher profitability for the farmers. The aim of the following project was 

to evaluate innovative functional feed additives for animal nutrition, in order to 

increase animal health, performance and reduce the use of antibiotics in farm animals.  

The attention was focused on the evaluation of algae, tannins extract, leonardite, 

tributyrin and probiotics as functional feed additives alternative to antibiotics. For 

reaching this goal different in vitro, in vivo and ex vivo approaches have been used. In 

vitro methods allowed to characterize functional feed additives for their antimicrobial 

and antioxidants effects and cell culture was useful to predict their interaction with 

the intestinal epithelium. In vivo zootechnical trials were conducted on young animals 

to assess dietary supplementation of functional additives on growth performance, 

prevention of gastroenteric disorders, metabolic status and microbiota modulation. 

Obtained results highlighted that functional additives were characterized by bioactive 

properties such as antioxidant and antimicrobial effects. Their supplementation 

showed a plethora of positive impacts including higher zootechnical performance, 

decreased diarrhoea occurrence, improved health status and microbiota modulation. 

A combined effect was also assessed in order to evaluate a possible synergistic of 

different additives. The combination resulted in a positive effect for diarrhoea 

prevention with a slight modulation for the gut microbial environment. Even if feed 

additives displayed different bioactivities in vitro, they did not always reveal a 

boosting effect on growth performance in vivo resulting less evident for farmer 



  

 
 

perception. However, the reduction of gastrointestinal disorders incidence could be 

considered the most interesting characteristic of functional feed additives which have 

shown to possibly reduce pathologies occurrence thus improving farm profitability. 

Lastly, due to the needing to decrease animal for experimental purposes an innovative 

ex vivo intestinal perfusion model was developed in order to study nutrient 

bioaccessibility for obtaining reliable science-based data in line with the 3R principles. 

In conclusion, tested compounds can not substitute the therapeutic treatment of 

antibiotics. However, the utilization dietary approaches supplementing functional 

feed additives can significantly contribute for decreasing pathology occurrence, 

boosting animal health and performance thus the antibiotics use. In line with the One 

Health principles, antibiotics reduction is a key point for the future sustainable 

development on the planet. The use of functional feed additives can be considered as 

interesting alternative to antibiotics due to their ability to prevent multifactorial 

disorders and thus reducing the antibiotic treatments in livestock farming.  



Graphical Abstract
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1 Introduction 

1.1 General Scenario 

The World Health Organization (WHO) estimated that by 2030, the world’s 

population is projected to increase again, by slightly more than one billion to 8.6 

billion, and to increase further to 9.8 billion in 2050. Global milk production in 2030 

will be 33 percent above the 2015–2017 baseline. Production growth in developing 

countries will stem from a combined increase in dairy herds of about 1.2 percent per 

year, and a yield increase of about 1.0 percent per year; while in developed countries 

growth will mainly come from improved yields. By 2030, India will have outpaced the 

European Union (Member Organization) to become the largest milk producer and 

will, together with Pakistan, account for nearly one-third of world milk production. 

Global meat production is projected to be 19 percent higher in 2030 relative to the 

2015–2017 base period. While the largest producers (Brazil, China, the European Union 

(Member Organization) and the United States of America) will continue to dominate 

meat production, developing countries are expected to account for almost all of the 

total increase (FAO, 2018). In light of this, to sustain the world and population 

development it is necessary to face critical challenges for the planet’s health trough an 

integrated approach. 

The term “One Health” was firstly introduced during the emergence of severe acute 

respiratory disease (SARS) and the spread of avian influenza H5N1. One Health is 

commonly defined as the collaborative, multisectoral, and transdisciplinary approach 

working at the local, regional and national, and global levels with the goal of achieving 

optimal health outcomes recognising the interconnection between human, animals, 

pants and their shared environment. Furthermore, One Health recognizes that the 

health of humans, animals and ecosystems are interconnected. It involves a 

coordinated, collaborative, multidisciplinary and cross-sectoral approaches to address 

potential or existing risks that originate at the animal-human-ecosystems interface 

(Mackenzie and Jeggo, 2019). 

In line with the following concept, United Nations adopted the 2030 Agenda setting 

17 ambitious goals to promote health and wellbeing. The sustainable development 

goals are a call to action to end poverty and inequality, protect the planet, and 

guarantee health, justice, and prosperity. 

The European Green Deal is the European strategy for achieving a transformational 

change. The bond among healthy people, healthy society and healthy planet are the 

core of European Green Deal. It has been meant to stimulate the economy, health and 

life quality enhancement protecting the nature. The European agricultural system is a 
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global standard in terms of security, safety, nutrition, and quality. Now it has to 

become a global standard for the sustainability guiding the transition towards a 

competitive sustainability from farm to fork. Following these principles, Italy aims to 

achieve an entire sustainable food-chain through the national recovery and resilience 

plan (Piano Nazionale di Ripresa e Resilienza - PNRR).  

The European Feed Manufacturers’ Federation (FEFAC) included five ambitions for 

the feed industry for 2030: i) contribute to climate-neutral livestock and aquaculture 

production through feed; ii) foster sustainable food system through increased resource 

and nutrient efficiency; iii) promote responsible sourcing practices; iv) contribute to 

improving farm animal health and welfare, v) enhance socio-economic and the 

livestock and aquaculture sectors’ resilience. In particular for contribute to improve 

farm animal health and welfare antibiotic reduction is a pivotal point of the ambition 

and many countries such as Belgium, France, Denmark, Italy, Germany, United 

Kingdom and Netherlands adopted a position on responsible use of veterinary 

medicine and some of them target to achieve the 0% of antibiotic-medicated feed 

production for 2030 (FEFAC, 2020). 

In line with all the sustainability plans adopted from world countries, a key point for 

the future development of livestock system is to face the raising issue of antimicrobial 

resistance. It has become fundamental to cope with this concern to ensure the future 

of humans, animals and the environment. 

 

1.2 Antibiotic resistance 

Even if during the last years the mediatic attention have been moved on the pandemic 

emergency, the antimicrobial resistance (AMR) is still an increasing issue on this 

planet. Antimicrobials are drugs used to prevent and treat infections in humans, 

animals, and plants. They comprehend antibiotics, antivirals, antifungals and 

antiparasitic agents. AMR occurs when bacteria, viruses, fungi and parasites no longer 

respond to medicines (WHO, 2015). The direct consequences of infection by resistant 

microorganisms can be serious, including severe illnesses, raised mortality, increased 

direct and indirect costs. Antimicrobial resistance is a worldwide problem affecting all 

areas of health with an effect on humans, animals and the environment. 

Discovery of antibiotics in early 1900s completely changed the human and veterinary 

medicine by saving millions of lives. Antibiotics are complex compounds capable of 

inhibiting the growth of bacteria by a various mechanism of action which includes, cell 

membranes alteration, cell wall synthesis inhibition, antimetabolic activity, nucleic 

acids synthesis inhibition, protein synthesis alteration (Pancu et al., 2021). Antibiotic 

resistance can be included in the broader term of antimicrobial resistance, and it occurs 
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when bacteria develop the ability to grow in presence of antibiotics. Antibiotic 

resistance is one of the most important issues for the public health in Europe and all 

over the world. The World Health Organization estimated that in 2022 the European 

Union/European Economic Space registered more than 670,000 infections per year 

from antibiotic resistant bacteria, and around 33,000 deaths as direct consequence of 

the problem. It was estimated that an integrated strategy of intervention 

comprehensive of antibiotics management programs, hygienic improvement, mass 

media communication operations and rapid diagnostic tests implementation can 

potentially prevent 27,000 deaths per year in the European Union. Beside saving 

human lives, a similar result could lead to save around 1.4 billion €/year for the public 

health in Europe (WHO, 2022). All the most important world agencies (WHO, FAO, 

OIE, UNEP and EFSA) are intensively working to minimize the spread of 

antimicrobial resistance. Today there is the necessity to develop innovative strategies 

that can decrease the usage of antibiotic drugs (Cormican et al., 2017; Tiedje, 2019).  

Antibiotic-resistant bacteria can arise by using antibiotics in human and animals, since 

they are excreted and spread in the environment as hazardous microorganisms (Figure 

1) (Dafale et al., 2020).  
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Figure 1. The pathways of antibiotic resistance spreading in the environment (Zhang et al., 2022a). 

 

Through the Darwinian selection, microorganisms coped with antimicrobial selection 

pressure, due to antimicrobial use and overuse, enhancing their fitness developing and 

transferring resistance genes (McEwen and Collignon, 2018). The widest part of 

emerging diseases crossed the trans-boundaries of species becoming zoonotic. 

Researchers hypothesise that pathogens evolve in different ecosystems using any 

available biological host. The most common hosts are animals. In particular, the gut 

microbiota is composed by various microbial communities that are directly linked 
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with the health of their host (Purohit, 2018). The introduction of resistant bacteria in 

the intestinal microbiota can alter community and structure by transferring resistance 

genes to other pathogens and non pathogens. These microorganisms can evolve or 

find a route to be transferred from animal to animal or from animals to humans, and 

environment, spreading the resistance genes. The transfer of antibiotic-resistance 

genes is associated with mobile genetic elements (MGEs) such as transposons, 

plasmids, and genomic islands that can be exchanged to other bacteria (Figure 2).  

 

 
Figure 2. Antibiotic resistance transmission scheme (Gil-Gil et al., 2021).  

 

Antibiotics are used in the livestock system to treat bacterial infections that occur 

during animals’ production cycle. Until 2006, antibiotics have been used as growth 

promoters in farm animals to raise their performance. This practice brought to an 

uncontrolled usage of antimicrobial drugs applying a selective pressure, fastening the 

development of resistant bacteria, and spreading them into the environment (Parmar 

et al., 2018). In addition, the agricultural practices, such as the use of manure, spread 

antibiotic residues in different ecological compartments such as soil and water. Even 

if many studies have been conducted on zoonotic pathogens, a proper regulation and 

management of antibiotic drugs along with judicious use is still lacking. 

Nowadays the health is considered as one unique interconnection among humans, 

animals and environment under the definition of One Health. To cope with the raising 

concern of antibiotic resistance a multidimensional approach, following One Health 

principles by managing all factors involved in zoonotic infections. The following 

approach includes multidisciplinary fields of researchers, policy makers, and leaders 

at a regional, local, national and international levels (Binot et al., 2015). One Health 
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connects multiple sectors for understanding the antimicrobial resistance problem to 

developing efficient solutions, suitable guidelines for drug utilization and raise the 

awareness of the risk of this problem. 

For a multifaceted problem it is required an holistic approach considering the i) 

regulations for the use of different classes of antimicrobial and their critical 

importance; ii) understanding of the resistance dissemination into the environment to 

study the propagation pathways of antimicrobial resistance from host animals and 

humans; iii) develop innovative solutions to quantify the resistance and manage the 

presence of resistance genes in livestock; iv) effective communication to raise the 

consumer awareness regarding the risk associated with antimicrobial resistance 

spreading from food production and other sectors. 

Considering the population growth, the rising of animal food products demand and 

the increasing of environmental pollution and antimicrobial resistance, the scientific 

community  is driven to find new ways to produce sustainable food and feed (EFSA, 

2015; FAO, 2017).  

In animal farming, the neonatal and weaning phases are a critical where different 

multifactorial diseases can affect animals due to immune system immaturity and the 

progressive lowering of maternal immunity. Some of the most important criticisms in 

these phases are bound to gastrointestinal disorders. In swine farming, one of the most 

common diseases after weaning is the post-weaning diarrhoea (PWD). In cattle 

breeding the corresponding problem generally impact during the pre-weaning phase 

with the occurrence of the neonatal calf diarrhoea (NCD). These disorders often 

require the use of antibiotics to limit their detrimental effect on animal health and 

welfare. During last years, antibiotics use has been importantly decreased in livestock 

and the European Union prompted regulations to ban antibiotic treatments as growth 

promoters (Regulation EC 1831/2003), prophylactic treatment and recently promoted 

a conscious use of antibiotic drugs in livestock (Regulation EU 6/2019). 

 

1.3 Gastrointestinal Disorders in Young Animals 

Young animals are at the basis of the production system in animal farming. In this 

phase, they are particularly susceptible to develop different multifactorial pathologies 

due to several stressors that they have to cope with and the immaturity of their 

immune system. The gut is not only the site of nutrient absorption, it is also i) the first 

access for the most of pathogen present in the farm environment; ii) the niche of 

microbiota community; iii) the location of several immune systems components. 

Gastrointestinal disorders are cause of important economic losses for farmers and the 

environmental spread and contamination from pathogens. In intensive farming 
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gastrointestinal disorders are the first cause of antibiotic use thus leading to reduced 

performance, cost of treatments, impaired intestinal eubiosis (dysbiosis). Eubiosis is a 

state of microbial composition in which microbial groups and functions are well 

balanced and associated with a healthy state. Dysbiosis is the alteration in the relative 

abundance of microbial groups or functions that cause an imbalance, generally leading 

to a detrimental change in health (Figure 3, Figure 4). Microbes are not inherently 

mutualistic or pathogen but navigate between shades of mutualism and parasitism. 

The immune system is not designed to discriminate between mutualist or pathogens, 

but merely to react to signals, including Microbe-Associated Molecular Patterns and 

antigens. The nature of the immune response is not purely regulatory or inflammatory, 

but more generally adjusts to the nature of the trigger it faces, such as a spring that is 

pulled by the intensity of the microbial challenge (Eberl, 2010; Avelar Rodriguez et al., 

2019). 

 

 
Figure 3. Schematic representation of the general current understating of intestinal eubiosis and 

dysbiosis (Avelar Rodriguez et al., 2019). 
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Figure 4. The continuum of dynamic equilibrium between microbial states and immune responses 

(Eberl, 2010).  

MMAMPs: microbe-associated molecular patterns, IL-2: interleukin 2, IL-10: interleukin 10, IL-12: 

interleukin 12, IL-23: interleukin 23, TGFβ: transforming growth factor β, TNF: tumour necrosis factor. 

 

1.3.1 Post-Weaning Diarrhoea in Swine Species 

In intensive pig farming, the weaning is a critical moment in the life cycle of piglets. It 

is source of tremendous stressors since they are forced to adapt to nutritional, physical 

and immunological changes (Lynegaard et al., 2022). During the weaning, piglets are 

separated from the sow, fed with different diet, and animals need to adapt to new 

environment and litter mixing. All these changes may affect the inflammatory and 

immune status, predisposing animals to develop gastrointestinal disorders such as 

post-weaning diarrhoea (PWD). PWD has been reported as one of the most impacting 

diseases in swine farms globally and is source of huge losses to farmers trough 

increased morbidity, mortality, lowering animal performance resulting in increased 

costs of treatments and lower incomes (Rhouma et al., 2017). 

Even if many pathogens could be involved as door openers in gastrointestinal 

disorders, Escherichia coli is the most abundant aerobic coliform bacteria in the colon. 

Among E. coli strains, there are some enteric pathogens expressing virulence factors 

causing hypersecretory diarrhoea in the host. Among them, some strains can produce 

enterotoxins that impair the structure and functioning of enterocytes disrupting the 

intestinal barrier. Exotoxins form E. coli have been grouped in four types: heat labile 

toxins (LT), heat stable toxins (STI and STII), and verocytotoxin type 2 variant (also 

known as Shiga-like toxins) that are involved in oedema disease. Another important 
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factor for bacterial colonization is the presence of adhesive fimbriae, whose are 

required for the mucosal binding thus allowing the replication and exotoxins 

production. Pathogenic strains of E. coli of swine species are mostly characterized by 

the presence of F4 and F18 fimbriae that are frequently observed in O138, O139 and 

O141 serotypes (Rossi et al., 2013).  

PWD is mostly caused by enterotoxigenic (ETEC) and/or verotoxigenic (VTEC) E. coli 

strains which may trigger watery diarrhoea, dehydration, sudden deaths, and 

retarded growth (Lauridsen et al., 2017). Although the presence of pathogenic E. coli is 

widely implicated in PWD, the disorder is defined as multifactorial resulting from the 

interaction of the sow, piglets, environment, bacteria and farm management (Figure 5) 

(Rhouma et al., 2017). Influence factors of PWD occurrence can be classified in 

predisposing, contributing and determining causes. Genetic, immunity, weight and 

weaning age can be included into predisposing factors. Several studies demonstrated 

that a lower weaning weight and a short lactation period can increase the occurrence 

of PWD (Bogere et al., 2019). The colonization of β-haemolytic ETEC, expressing F4 of 

F18, of intestinal mucosa is strictly related to the interaction between fimbriae and 

receptors that allows pathogenic strains to adhere and produce exotoxins causing 

more severe infections (Figure 6) (Rossi et al., 2014). The presence of F4 and F18 

fimbriae receptor is pivotal for the gut colonization from pathogenic strains of E. coli. 

The expression of intestinal receptor is genetically controlled and it determines the 

animal susceptibility to PWD (Luise et al., 2019). Contributing factor can be 

summarized including gut dysbiosis, litter size, sow parity, hygiene, feeding regimes, 

birth order and genotype (Bogere et al., 2019).  

In this scenario, limiting the spread of PWD to raise the animal welfare and farm 

profitability is needed. On the other hand, to decrease the utilization of antibiotics, 

conventionally prescribed to control PWD, therefore alternative approaches are 

required.  
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Figure 5. PWD is a multifactorial disease involving the interaction between predisposing, contributing 

and determining factors (Rhouma et al., 2017).  

PW: Post weaning, ETEC: enterotoxigenic Escherichia coli, VTEC: verotoxigenic Escherichia coli. 

VTEC 
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Figure 6. Scheme of principal steps involved in the development of post-weaning diarrhoea in pigs 

(Rhouma et al., 2017). 

 

1.3.2 Neonatal Calf Diarrhoea 

The neonatal calf’s diarrhoea (NCD), also known as calf scours or enteritis, is a 

gastrointestinal multifactorial disease cause of one of the most important worldwide 

economic losses in dairy farms. The harmful impact of NCD can be fatal for young 

animals as consequence of hypovolemia and acidosis which can lead to anorexia and 

ataxia. In addition, the demanding of antimicrobial treatments and productivity losses 

also due to detrimental effect on further lactation performance increases the severity 

of this pathology (Prieto et al., 2022). NCD can be the reason of 75% of calf mortality 

during the pre-weaning period (Khawaskar et al., 2021). Moreover, NCD is also related 

to indirect losses due to higher morbidity, increased needs and costs of treatments and 

growth retardation, also with negative effects on further dairy career duration and 

productivity (e.g. delayed first calving) (Brunauer et al., 2021). NCD is a multifactorial 

disease where infectious agents, such as Rotavirus, Coronavirus, Escherichia coli, 

Salmonella spp., Clostridium perfrigens, Cryptosporidium parvum, and animal (age, 

immunity, general health status) and environmental-related factors (colostral 
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consumption, calf housing, hygienic conditions) can concur to its onset and incidence 

(Cho and Yoon, 2014; Windeyer et al., 2014).  

Non-infectious causes are comprehensive of nutritional status, while infectious causes 

include a wide range of pathogen viruses, protozoa, and bacteria where one or more 

can be involved in the pathology development (Maier et al., 2022).  Standard 

treatments for affected calves are oral or intravenous fluid therapy, isolation of 

infected and antimicrobial use (Smith and Berchtold, 2014). The use of antimicrobial 

treatments for NCD is still debated since antimicrobial resistance is currently an 

exponential threat for humans and animals. However, there is the risk for calves 

affected by diarrhoea for the development of septicaemia that require to receive 

antibiotics thus veterinary treatments are still needed (Smith, 2015).  

Recent surveys data from Austria, Belgium, Portugal, and Scotland revealed that 

52.5% of farmers and veterinarians used antimicrobials to treat calves’ diarrhoea (Eibl 

et al., 2021). Methods recommended for the prevention of NCD include proper cow 

nutrition during pregnancy, dystocia management, reduction of environmental stress 

and contamination, and ensuring transfer of passive immunity to the calf via 

colostrum, enhancing the presence of specific antibodies in the gut lumen during the 

calf's most vulnerable age for NCD, and bolstering the calf's immunity via systemic 

uptake of antibodies (Al-Alo et al., 2018). Colostrum quality depends only partly on 

vaccination of the cow during pregnancy (Geletu et al., 2021; Menichetti et al., 2021). 

In calves, the microbial colonization and development of gut microbiota begins after 

birth, starting from maternal sources (Whon et al., 2021). Generally colonization 

process opens with facultative anaerobes with Proteobacteria species that consume 

oxygen in intestinal environment facilitating the further colonization of strict 

anaerobes (Koren et al., 2012; Shin et al., 2015). Gut inflammation followed by 

dysbiosis raises the risk of diarrhoea development and impairment of colonization 

pattern is related to higher frequency of gut disorders in neonates (Morrow et al., 

2013). In light of this, the interaction between the environment and antibiotic 

treatments lead to an incomplete establishment of microbial ecosystem with further 

dysbiosis-induced diarrhoea in calves (Whon et al., 2021). Besides the ban of antibiotics 

as growth promoters in animal feed (Regulation EC 1831/2003), the persistent 

emergence of this problem prompted the European Union to introduce more 

limitations for veterinary drugs use (Regulation EU 6/2019). A specific focus was paid 

to the Highest Priority Critically Important Antimicrobials (HPCIA) (EMA et al., 2019; 

WHO, 2019). Therefore, a judicious use of antibiotic drugs is necessary in animal 

farming. In light of this, alternative strategies to reduce the incidence of NCD in calves 

are required. 
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1.4 Functional Nutrition 

Nowadays the aim of nutrition is no longer to simply satisfy requirements; it also plays 

a pivotal role in the health and welfare of humans and animals (Domínguez Díaz et 

al., 2020). Functional feed ingredients and additives are capable to sustain the health 

status and decrease the pathologies incidence, and they thus became crucial as 

alternative strategy to replace or reduce antimicrobials in livestock (Lallès and 

Montoya, 2021). 

Modern concept of food and feed is meant to provide products with an added value 

delivering more that the necessary nutrients and the satisfaction of hunger. Functional 

foods, feed, and nutraceuticals additives have been designed to increase health status 

and prevent several nutrition-related diseases. 

The term “functional food” was used in Japan in 1984 to describe a food product able 

to increase human health (Domínguez Díaz et al., 2020). An important characteristic 

of functional food or feed is that they do not solely provide essential nutrients to satisfy 

requirements but they are composed of natural bioactive compound that provided at 

right doses may positively affect the welfare and life quality reducing risk of 

pathologies without exerting a particular therapeutic function (Doyon and Labrecque, 

2008). Nutraceuticals were introduced by Stephen DeFelice and derived from terms 

“nutrition” and “pharmaceutics”, defining them as food (or part of a food) which 

provides medical or health benefits. In the last two years, the outbreak of COVID-19 

pandemic has lead to an increased demand of nutraceutical products around the world 

and it is estimated that their market size will overtake 990 billion by 2030 (Tang, 2022). 

The investigation on alternative feeding strategies to increase intestinal health and 

resistance to develop gut disorders has become fundamental for the animal-derived 

food sector (Suresh et al., 2018; Lo Verso et al., 2020; Borrelli et al., 2021). Functional 

additives are not necessary designed for supplying nutrients; however, they are 

composed by bioactive molecules with beneficial effects on health. The use of 

functional additives in animal diet has gained an important attention due to their 

ability to support animal health, welfare and performance reducing the use of 

medicines. Several functional additives have shown that can positively impact the 

immune system, host metabolism, inflammatory pathways and antioxidant defence 

and modulating gut microbiota also with antimicrobial effects (Lopreiato et al., 2020; 

Majumder et al., 2020).  

Among all the activities of functional ingredients and additives, antioxidant and 

antimicrobial activities are considered two pillars that elicit an important interest in 

research. 
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1.4.1 Antioxidant activity 

One of the most important activities which characterizes functional compounds is the 

antioxidant effect which is defined as the ability of a substance to inhibit the oxidation 

(Granato et al., 2018). This activity supports the oxidative balance, and several classes 

of antioxidants can be found in natural extracts. Various phenolic compounds derived 

from secondary metabolism of plants, protect the organism from oxidation and they 

are regarded as natural antioxidants. They can be divided into five categories based 

on their function: free-radical scavengers, scavengers of non-radical oxidizing 

molecules, and compounds that stimulate the endogenous production of antioxidants. 

Antioxidants can be water soluble (polar) or liposoluble (apolar). They can be 

produced by endogenous metabolism, or they can be supplemented with the diet. The 

mechanisms of action of antioxidants have been categorized in three main types: 

hydrogen atom transfer (HAT), single electron transfer (SET) and transition metal 

chelation ability (Brewer, 2011). 

Oxygen is a highly reactive nonmetal and oxidizing agent towards several elements 

and other compounds. Molecular oxygen, in the ground state, has two unpaired 

electrons with parallel spins in two separate anti-bonding orbitals (Gulcin, 2020). Due 

to this property, oxygen can accept two electrons from an electron donor. Redox 

reactions are crucial in biological systems, beginning from the synthesis of adenosine 

triphosphate (ATP) which is operated by a chain which uses O2 as ultimate electron 

acceptor (Gülcin, 2012). In addition, O2 is widely used in aerobic organisms for 

reduction and enzymatic processes (Elmastas et al., 2018). When the electron transfer 

becomes uncoupled, the process generates free radicals.  A free radical is defined as 

chemical species capable of independent existence, possessing one or more unpaired 

electrons. This property makes them highly unstable compounds. They are internally 

produced as a normal part of metabolism within the mitochondria, through xanthine 

oxidase, peroxisomes, phagocytosis, inflammation processes, ischemia, arachidonate 

pathways, and physical exercise (Gulcin, 2020).  Radicals essentially derive from three 

chemical elements: nitrogen, sulphur and oxygen. Free radicals derived from oxygen 

are defined as reactive oxygen species (ROS). Some of them have a half-life of few 

seconds (hydroxyl HO· half-life = 10–9 s) and they rapidly attack compounds in the 

surroundings. Probably, this damage is unavoidable and only the repairment process 

can be effective. Meanwhile other ROS are nonradical (singlet oxygen 1O2, hydrogen 

peroxide H2O2, hypochlorous acid HOCl) although they can generate other free 

radicals (Gulcin, 2020). ROS are constantly produced by aerobic organisms during 

normal cellular metabolism, respiration, autoxidation of xenobiotics or stressful 

conditions and they can disrupt all biomolecules including carbohydrates, proteins, 
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lipids and nucleic acids (Cakmak and Gülçin, 2019). ROS formation plays a key role in 

the maintenance of cell homeostasis by a system of antioxidant defence which allows 

them to maintain the correct balance. When balance is impaired, the oxidative stress 

downregulates several cellular functions exposing the host to tissue injury, accelerated 

cell death and development of pathologies (Sindhi et al., 2013; Apak et al., 2016). When 

the balance between prooxidants and antioxidants is shifted towards the prooxidants 

or when levels of antioxidants is low the state is called oxidative stress. This condition 

has been described as imbalance between production of ROS and organism ability to 

scavenge the reactive intermediates or to repair the damage (Kalin et al., 2015). The 

oxidative stress is often due to a reduction in antioxidant enzymes and the exogenous 

intake, contemporarily the number of reactive species derived from phagocytes is 

raised during chronic inflammatory states (Gülcin, 2012). Oxidative stress is involved 

in the development of several diseases and is known as predisposing factor. 

Antioxidants can be found in microorganisms, animals and plants secondary 

metabolites or they can be synthesized by chemically in laboratories for cosmetics. In 

general, plants are a rich source of natural antioxidants. However also algae, 

fish/shellfish and marine bacteria have been considered as source of antioxidant 

molecules. One of the most cost-effective opportunities for animal nutrition are by-

products from food and agriculture sectors that can be exploited for supplementing 

functional compounds in animals’ diets (Correddu et al., 2020).  

The strength of antioxidants is influenced by their structural properties that determine 

their intrinsic reactivity to hence the antioxidant activity towards radicals and reactive 

oxygen species. Their efficiency also depends on the location and concentration in the 

organism and the kinetics of the reaction determines their short- or long-term 

protection taking into account the thermodynamics of the reaction, the rate and the 

extent of reaction towards a specific oxidant (Shahidi and Zhong, 2015).  

Antioxidant therapy renewed its interest in many studies also related to cancer 

research (Salehi et al., 2018; Ferdous and Yusof, 2021). Superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPX), α-tocopherol, carotenoids and vitamin 

C are enzymatic and non-enzymatic antioxidant systems present in the body which 

regulate the oxidative balance (Kalin et al., 2015). Exogenous antioxidants that comes 

from the diet are mostly present in plants and their impact has been demonstrated as 

positive decreasing the risk of development of several pathologies and aging process 

(Kumar et al., 2016). Dietary antioxidants are a wide group of molecules with different 

bioactive effects, their consumption through their mixing can also act synergistically 

when combining separate antioxidant molecules from different sources (Frazzini et al., 

2022).  
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Antioxidants can be essentially classified as direct or indirect depending on their 

mechanism of action. Direct antioxidants have a short half-life and they require to be 

supplemented frequently at relatively high dosage to maintain their efficacy. On the 

other hand, indirect antioxidants increase the antioxidant capacity of cells triggering 

specific genes encoding for antioxidant proteins, showing longer activity compared to 

the direct ones. In particular, they upregulate the nuclear factor (erythroid-derived 2)-

like 2 (Nrf2), which regulates the antioxidant response in the host (Lee et al., 2017). 

Nrf2 is a transcription factor that activates the phase II detoxifying and cis-

antioxidants response genes such as oxidoreductase 1 (NQO1), glutathione S-

transferase (GST), heme oxigenase-1 (HO-1), glutathione peroxidase (GSH-Px), 

glutamatecysteine ligase (GCL), CAT, SOD, uridine 

diphosphateglucuronosyltransferase, glucuronosyltransferase, and the 

thioredoxin/peroxiredoxin system (Baird and Dinkova-Kostova, 2011). Several studies 

demonstrated the efficacy of dietary antioxidants from natural sources in activating 

Nrf2 inducing the expression of detoxifying enzymes (Sahin et al., 2010; Saw et al., 

2012; Lee et al., 2017).  

The dietary supplementation of bioactive compounds with antioxidant capacity is 

considered important for functional nutrition in order to combat oxidative stress to 

prevent pathologies and decrease antibiotic treatments. 

 

1.4.2 Antimicrobial effect 

Another important feature of many functional feed ingredients and additives is the 

antimicrobial effect that is intended as a wide complex of different mechanisms able 

to limit the bacterial, viral, fungi, protozoa growth, replication or causing the 

microorganisms death, which result of particular interest against pathogenic strains. 

Focusing on the antimicrobial activity towards bacteria, bacterial cell wall is mainly 

composed by peptidoglycan made of repeated units of N-acetylmuramic acid and N-

acetlyglucosamine cross-linked by small molecular weight amino acids that are pivotal 

for the bacterial cell protection (Humann and Lenz, 2009). Plant-derived compounds 

have proved interesting effect in controlling the synthesis of bacterial cell wall 

(Upadhyay et al., 2014). Some compounds may interact with protein attached to 

bacterial cell walls enhancing the membrane permeability thus impairing their 

integrity. Phenolic compounds (flavonoids, flavones and flavonols) revealed cell wall 

lysis abilities due to their capacity to dissolve surface proteins through the creation of 

complexes with bacterial cell walls (AlSheikh et al., 2020). Polyphenols from tannins 

impact the lipophilic cell layers. Alkaloids are antimicrobial through intercalating the 

DNA and cell wall of microorganisms. Selim et al. (2012) observed that flavonoids can 
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frame pores in the cell wall, harming the bacterial survival. Mammalian cells are of 

zwitterionic nature and do not have affinity with the positively charged antimicrobial 

peptides, rendering them selectively toxic toward bacteria (Le et al., 2017). Aside from 

membrane activity, intracellular targets are increasingly being investigated. Even if 

some mechanisms of action are not completely known, the ability to interfere with the 

organization of cellular membrane leads to a reduced membrane potential and inhibits 

the APT synthesis resulting in bacterial death. As example, cinnamaldehyde inhibits 

the glucose uptake and impair the ATPase-dependent metabolism depleting glucose 

provoking cellular death (Negi, 2012; AlSheikh et al., 2020).  

Some natural compounds can interact with antibiotics reinstating the efficiency and 

the susceptibility in multidrug resistant bacteria (Lorenzi et al., 2009) through 

restricting the activity of enzymes responsible to resistance (β-lactamases, penicillases) 

and inhibiting the efflux pumps activity. Other studies demonstrated some synergisms 

among plant extracts and antibiotics (Rodrigues et al., 2009; Chan et al., 2011).  

In addition, bioactive compounds can exert antimicrobial activity by limiting the 

biofilm formation, a matrix of exopolysaccharides integrated with microbial 

population. The anti-biofilm activity can be elicited by modifying the gene expression 

and the quorum sensing signalling (autoinducer-2-dependent quorum sensing) 

(Amalaradjou et al., 2011; Yim et al., 2011; Upadhyay et al., 2012). Quorum sensing is 

a mechanism that allow a cell-to-cell communication in microorganisms, that bacteria 

can use to induce the biofilm formation as protection tool under unfavourable 

conditions such as antibiotics presence. The inhibition of this signalling leads to 

inhibited biofilm production exposing bacterial surface to antimicrobial substances.  

Other important mechanisms are related to the control of the expression of bacterial 

virulence factors such as capsule polysaccharides. The presence of capsule protect 

microorganism to phagocytosis and supporting them in the biofilm formation (Hyams 

et al., 2010). Natural compounds such as sodium salicylate, bismuth subsalicylate have 

shown to inhibit the capsule formation by regulating the gene expression of this 

virulence factor. Additionally, several pathogens adhere to enterocytes using the 

receptor-biding mechanism towards the production of surface proteins whose 

production can be inhibited by phytochemicals (Shah, 2003; Walencka et al., 2007). 

Exploiting the variety of the antimicrobial effects of functional feed additives has 

become fundamental to use them as therapeutics to combat the raising issue of 

antibiotic resistance. 
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1.4.3 Gut microbiota colonization in young animals 

The entire gut microbiota has different roles in the host, contributing to fundamental 

activities such as digestion, vitamins production, intestinal villi functionality, immune 

response and protection from pathogens. Gut microbiota is a high-complexity 

ecosystem with dynamic composition and diversity that undergoes to important 

changes over time and along the gastrointestinal tract (Gresse et al., 2017). The early 

microbial colonization in piglets begins after birth by the consumption of colostrum 

and milk from the sow, which promotes the spreading of lactic acid bacteria for 

establishing a milk-oriented microbiome (Frese et al., 2015). Different strains of 

Escherichia coli and Streptococcus spp. contribute to create an anaerobic environment 

favouring the colonization by other strictly anaerobic genera such as Bacteroidetes, 

Lactobacillus, Bifidobacterium and Clostridium (Petri et al., 2010). The use of nursing 

mother or animal genetics importantly impact the development of gut microbial 

community, and the suckling period offers an important window for microbiota 

modifications. After weaning, piglets are fed with cereal-based diet and high 

concentration of proteins (≈20%) even if modern formulation techniques focus more 

on the aminoacidic profile thus decreasing the percentage of total crude proteins. Due 

to high protein levels, several studies reported that during the weaning period 

Lactobacillus genera tend to decrease and the microbial diversity reduces. At the same 

time, Clostridium spp., Prevotella spp. or facultative anaerobes form Proteobacteriaceae 

are positively impacted (including E. coli) (Bian et al., 2016). 

Regarding the bovine species, gut microbial environment in calves is reported to 

increase in complexity and diversity with the growth, as result of age and dietary 

modifications. First bacterial genera in the colonization detected in calf meconium are 

Citrobacter, Lactococcus, Leuconostoc, and Lactobacillus (Mayer et al., 2012). After 24 

hours the diversity between microbial composition of meconium and faecal samples 

due to an increased diversity from an establishment of a complex microbiome very 

early in life. The abundance of Bifidobacterium, Lactobacillus, Fecalibacterium, and 

Enterococcus genera drops with calves growth (Malmuthuge, 2017). Mayer et al. (2012) 

highlighted that faecal microbial composition in twin calves was more similar 

compared to siblings indicating that genetics can drive the individual gut microbiota 

composition. Firmicutes and Bacteroidetes are reported to be predominant during the 

first three weeks of life and the relative abundance of this phyla is widely different 

between the tissue and content of gut regions (Foditsch et al., 2015). Studies on gut 

microbiota in ruminants highlighted how newborn calves are colonized by facultative 

anaerobes that contribute to create anaerobic environment suitable for the colonization 

by strictly anaerobic bacteria such as Lactobacillus and Bacteroides and the modification 

of microbial environment is age dependent (Arshad et al., 2021). The colonization of 
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gastrointestinal tract also depends on the environment that newborns are exposed. In 

general, the intestinal microbiome of neonatal calves showed a limited number of 

phyla (Protebacteria, Firmicutes, Actinobacteria and Bacteroidetes), indicating a 

shared microbiota between meconium and vaginal vestibulum of mothers (Wang et 

al., 2019a). 

 

1.4.4 Gut microbiota modulation  

The microbiota is considered as the assemblage of microorganisms present in a defined 

environment. The microbial census can be established using molecular methods 

relying on the analysis of 16S rRNA, 18S rRNA genes or other genomic regions, 

amplified and sequenced form biological samples. 

Bacterial cells present in the mammalian gut are more numerous than other eukaryotic 

cells in the entire body, therefore they significantly impact the host’s health. The 

modulation of intestinal health through nutritional approach has acquired an 

important value. The use of the term “gut health” has been used frequently in the last 

years, however a precise scientific definition of it is still lacking. The concept of 

intestinal health is a complex dynamic and relative and the absolute state of healthy 

gut is probably not possible to be defined. The prevention of multifactorial disease, 

immunomodulation, utilization of nutrients and growth performance of animals is 

supported by a healthy intestinal environment (Heo et al., 2013; Pieper et al., 2016).  

Three important complex systems influence each other to determine the individual 

dietary response: diet, microbiota, host physiology and metabolism. These systems are 

strongly connected and interdependent (Kolodziejczyk et al., 2019).  

Feed is one of the most important factors that connects the body organs with external 

environment through the gastrointestinal tract (GIT) that can be used to modulate gut 

microbiota (Yadav and Jha, 2019). Intestinal microbiota is strictly linked with the host, 

diet and itself. Commensal bacteria play a key role for the host’s health and 

metabolism, meanwhile the pathogenic strains can cause harmful effects. Therefore, 

influencing the gut microbiota by nutrition, in order to maintain a correct balance 

(defined as eubiosis), is fundamental. Bacterial communities can be subdivided into 

three main types: dominant ( > 106 CFU/g sample), subdominant (from 103 to 106 CFU/g 

sample) and residual bacteria ( < 103 CFU/g sample) (Aland and Madec, 2009).  

The beneficial intestinal microbiota has a protective role of defence towards 

pathogenic bacterial strains and contributing to host metabolism and epithelial 

integrity. 

Diet is crucial for modulating the microbial balance, and nutritional approaches 

should consider all interactions among bacteria, gut epithelium and environment 
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(Yadav and Jha, 2019). In light of this, the supplementation of different feed additives 

has been investigated in last years. As example, probiotics (viable microorganisms) or 

prebiotics (undigestible oligosaccharides) may affect the gut microbiota of the host 

influencing intestinal health (Heinritz et al., 2013). 

The intestine hosts the highest number of immune cells and mucosa-associated 

microbial population directly interact with these cell types (Belkaid and Hand, 2014; 

Mowat and Agace, 2014). Mucosal microbiota is the first line of defence against 

pathogens by competitive exclusion and immune modulation (Ma et al., 2018). The 

secretion of mucosal immunoglobulin, such as immunoglobulin A (IgA), modulates 

the colonization of gut microorganisms. The symbiotic role of balanced microbiota is 

important to metabolise some kind of toxins, synthetise vitamins, support the 

maturation of enterocytes, immune system and barrier function (Yang et al., 2016; De 

Vries and Smidt, 2020). 

The early establishment of gut microbiota is important for the maturation of barrier 

function and immune system affecting animal health and growth. Shanahan et al. 

(2017) showed that microbiota is linked to the sensitivity to growth hormone, therefore 

gut microbial environment can enhance the growth of neonates. In addition, the early 

establishment of gut microbiota has been demonstrated to develop a long-lasting effect 

along the animal life (Everaert et al., 2017; Schokker et al., 2018). The luminal 

microbiota is distinctly different from the mucosa associated one, also with different 

role and interactions. Luminal bacteria are more liked to digestion and secretion of 

metabolites, whereas the mucosa-associated microbial population is directly 

associated with immune cells of the host by crosstalk communication (Duarte and 

Kim, 2022). The mucosa-associated microbiota can colonize by binding mucin glycan 

on epithelium surface and is more susceptible to dietary changes (Etienne-Mesmin et 

al., 2019). GIT is composed by different segments and niches (lumen and mucosa) that 

are not completely independent. Microorganisms can co-inhabit mucosa an intestinal 

lumen. Therefore, gut microbiota can be influenced by same factors reposing in 

different ways (Galley et al., 2014; Zhang et al., 2018). 

Most of genes that influence the mucosal microbiota are linked to the immune 

response, hypothesising that the immune system applies a selective pressure to 

promote favourable communities (Honda and Littman, 2016).  

Gut epithelium is composed of enterocytes, gut-associated lymphoid tissue (GALT), 

and the mucus layer. Bacterial population associated with the mucosa, engage a 

complex crosstalk with epithelial cells that develop a dynamic interaction critically 

important for the nutritional and immune status of GIT (Ma et al., 2018). In particular, 

M, dendritic and epithelial cells recognize antigens in the intestinal environment 

inducing then the expression of Toll-like receptors (TLR), nucleotide-biding 
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oligomerization domain-like receptors that trigger the recruitment of T and B 

lymphocytes (Gutzeit et al., 2014). Presence of T and B cells, along with cytokines, 

chemokines and microbial metabolites play a pivotal role in the maintaining of 

intestinal homeostasis and the inflammatory status. Therefore, understanding the 

roles of intestinal microbiota and their interaction with the diet is essential in feed 

formulation and dietary supplementation in animal livestock (Duarte and Kim, 2022). 

 

1.5 Active ingredients and additives as alternatives to antibiotics 

During the neonatal and weaning periods, in order to support animal health and 

performance antibiotics have been traditionally included in animal feed. However due 

to the raising issue of AMR the European Union introduced the full ban for in-feed 

antibiotic usage as growth promoters from January 2006. Despite the technological 

development in modern medicine, the hopefulness of antibiotics is faded away by the 

appearance of different resistance mechanisms that caused important concern against 

the frontline antibiotics. The drugs production from the late 1960 is critically dropped 

and new medications require long periods of time for testing and be accepted by 

authorities (AlSheikh et al., 2020).  

There is a growing need for finding valuable alternatives to antibiotic treatments, 

meant as any substance capable to reduce the use of antibiotics, to prevent or treat 

microbial infections. 

Each substance which may be able to reduce the use of antibiotic drugs can be defined 

as alternative to antibiotics. Among these, functional feed additives possess beneficial 

compounds that may improve performance, health and welfare of animals reducing 

the incidence and severity of intestinal disorders. In this field, natural extracts and 

phytochemicals renewed their interest due to their content of bioactive molecules with 

functional properties. Dietary supplementation of tannins, coumarins, flavonoids, 

essential oils, alkaloids, organic acids do not normally induce resistance (Lewis and 

Ausubel, 2006). Phytochemicals have shown in many studies several mechanisms 

against bacterial cell: including the increase of cell permeability, leakage of cellular 

constituents, alteration of cell wall, ATP depletion, inhibition of protein synthesis, 

modification of pH, intracytoplasmic alteration, DNA damage and inhibition of 

quorum sensing mechanisms causing bacterial inhibition or death (El Kolli et al., 2016; 

Gemeda et al., 2018; Farha et al., 2020). Animal diets are continuously adjusted to 

optimize the animal health and growth controlling the feed costs. Feed 

supplementation could include prebiotics, probiotics, organic acids and 

phytochemicals. Probiotics can directly modulate the gut microbiota with competitive 

exclusion and stimulating the secretion of health-promoting metabolites. Prebiotics are 
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indigestible oligosaccharides and fibres that can shape microbial population by 

suppling the substrate for their growth. Organic acids decrease the pH limiting feed 

spoilage and lowering the survival of pathogens in the gut. In addition, some short 

chain fatty acid nourish the gut mucosa improving its morphology and functionality 

(Allen et al., 2013). 

Numerous commercial products are available on the market. However, the true 

efficacy of many additives is still unclear due to inconsistent experimental results. 

Observed disparities may include the experimental conditions, animal age, genetics 

and health status. For these reasons is important to investigate their effectiveness. Even 

if several feed additives have been studied as alternatives to antibiotics, observed 

results are still contradictory. However, due to the needing to decrease antibiotics use, 

the supplementation of functional compounds may be beneficial when fed to animals 

(Liu et al., 2018). For these reasons, is still fundamental to better understand the 

functional effects of feed additives to develop novel dietary approaches as alternatives 

to antibiotics to cope with the increasing problem of AMR. In the subsequent chapters 

are described the products (algae, phytochemicals, organic acids, and microbial 

products) evaluated as alternatives of antibiotics object of studies and papers collected 

in the following PhD thesis. 

 

1.5.1 Algae 

The European Union has recently adopted a strategy for developing the bioeconomy 

and algae represents an emerging biological resource of great importance for its 

potential application in several fields.  

Algae are a heterogeneous group of autotrophic, photosynthetic, eukaryotic, thalloid 

and largely aquatic organisms, ranging from unicellular microalgae to complex giant 

seaweeds. Macroalgae, also called seaweeds, are macroscopic, multicellular aquatic 

plant-like organisms, which can be divided into three main groups: brown, red and 

green algae. Two of the most studied species of brown algae for animal nutrition are 

Ascophyllum nodosum and Laminaria sp. According to Evans and Critchley (2014) 

prebiotic potential of A. nodosum has shown to be five times higher than inulin (used 

as reference) with additional performance-enhancing benefits in pigs’ diet. The content 

of glutamic acid in A. nodosum showed to decrease the dry matter (DM) intake in calves 

(Erickson et al., 2012).  Another interesting species for feed formulation is Laminaria 

digitata. Different authors demonstrated that Laminaria spp. extract (rich in laminarin 

and fucoidan) improved weight gain, feed intake and reduced faecal pathogens 

abundance in pigs (Gahan et al., 2009; McDonnell et al., 2010).  
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Seaweeds are rich in bioactive compounds, which may improve animal’s health. 

Polyphenols are a group of secondary metabolites of plants, ranging from simple 

molecules, such as phenols, to complex ones, such as tannins, phlorotannins and 

flavonoids. The main properties of flavonoids are antioxidants, antibacterial, 

anticancer and antiviral activities (Mishra et al., 2013). Flavonoids are contained in 

substantial percentages in seaweeds, especially in red algae. Different studies 

confirmed that phlorotannins, mainly produced by brown algae, are powerful 

antioxidants showing the ability to inhibit matrix metalloproteinase and 

hyaluronidase, which are involved in the inflammatory process (Kim and Himaya, 

2011). The natural content of phlorotannins in brown algae ranges from 1% to 14% of 

DM, with the highest content in A. nodosum species (14% of DM). Moreover, according 

to Choi et al. (2016), the brown alga Ecklonia cava displayed high content in fucoidans 

and phlorotannins, which showed beneficial effects on performance, digestibility and 

gut health in pigs.  

Carotenoids are a class of pigments produced by algae and plants. They are mainly 

produced to protect the chlorophyll from photodamage by scavenging Reactive 

Oxygen Species (ROS) formed by light exposure. Thus, they turn out to be powerful 

antioxidants. Carotenoids in brown, red and also green algae are primarily formed by 

β-carotene that can be converted in vitamin A into the gut. 

Microalgae are plant-like, single-celled organisms sized from 0.2 to 2.0 µm that can 

reproduce more rapidly than terrestrial plants by single cell division (Christaki et al., 

2011). They are currently promoted as new source of valuable nutrients and bioactive 

compounds for human and animal consumption (Enzing et al., 2014). Microalgae 

presents advantages compared to terrestrial crops and they could represent a new 

source of protein to reduce the use of soybean, poly-unsaturated fatty acids, bioactive 

compounds with antioxidant and antimicrobial activities. Starting from the cultivation 

of microalgae, that is waste-less, ecologically pure and resource saving process and 

they can grow in a highly controlled or in open-culture systems such as lakes (Mata et 

al., 2010; Priyadarshani and Rath, 2012). They do not compete with terrestrial crops for 

soil, they can be grown unfavourable environment for crops: non-potable water, arid 

and marginal areas. Microalgae possess a more efficient photosynthesis reducing 

“greenhouse effect” producing more biomass and oxygen than terrestrial plants 

(Gouveia and Oliveira, 2009). Thousands of species of microalgae exists on the planet, 

most of them are edible and suitable for human and animal nutrition (Khan et al., 

2018). Principal species of microalgae currently studied for animal nutrition are 

Chlorella spp., Arthrospira spp. (commonly known as Spirulina) and Schizochytrium spp. 

Even if cyanobacteria are often referred as “blue-green algae” traditionally included 

among the algae, prokaryotes are excluded from the definition of algae (Nabors and 
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Murray, 2004). However, cyanobacteria have similar characteristics to algae: 

behaviour, growing conditions and their traditional nomenclature (blue-green algae) 

(Madeira et al., 2017). The use of microalgae for animal feed started during the end of 

last century and it was related to their ability to enhance feed nutritional value due to 

their nutrients and functional compounds content (Khan et al., 2018).   

 

1.5.2 Phytochemicals 

Among the possible alternatives to antibiotics, phytochemicals play a very important 

role. They are secondary plant metabolites also known as phytobiotics, phytogenics or 

herbal and botanical compounds (Valenzuela-Grijalva et al., 2017). They are currently 

used as functional feed additives to replace antibiotics and also to increase animal 

performance due to their different antimicrobial mechanisms (Figure 7) (González-

Ríos et al., 2016). Main bioactive compounds of phytochemicals are polyphenols, and 

their content or composition is largely variable according to the plant, anatomical part 

of the plant, geographical origin, harvesting season, environmental factors, storage 

conditions, and processing techniques (Gadde et al., 2017). 

Recently, phytochemicals have been investigated as natural growth promoters in 

ruminants, swine, and poultry. Their complete plethora of mechanisms of action are 

not completely known. However, the beneficial effects of phytochemicals have been 

attributed to antimicrobial and antioxidant properties. In addition, the 

supplementation of natural extracts in feed formulations showed to modulate the gut 

microbiota, also inhibiting pathogens, that may enhance animal performance (Kim et 

al., 2015). One of the most important features of phytochemicals is the antioxidant 

effect that reduces oxidative stress promoting health (Settle et al., 2014). 

Phytochemicals showed to have immunomodulatory effect towards activation of 

immune cells proliferation, cytokine modulation, and raising antibodies level (Lillehoj 

et al., 2018). Some phytogenic additives can enhance the feed palatability, leading to 

higher feed intake (Bartoš et al., 2016). This may be a result of different activities such 

as increased antioxidant status of feed, decreased microbial colonization and 

stimulation of appetite (Velasco and Williams, 2011). Phytochemicals also 

demonstrated positive impact regarding intestinal function, such as digestive 

secretion and nutrient absorption. These effects have been attributed to higher 

secretion of saliva, enzymes and mucus, lowered bacterial load through antibacterial 

activity, prebiotic effect, improved gut morphology thanks to antioxidant and anti-

inflammatory activities (Costa et al., 2013; Wall et al., 2014; Valenzuela-Grijalva et al., 

2017).  
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With the increasing availability of several plant-based alternatives to antibiotics on the 

market claimed with several efficacies, we need to understand more regarding their 

mechanisms of action and their possible synergies offered by their combination. Using 

optimal combinations of these alternatives coupled with good management and 

husbandry practices will be pivotal for the future development of animal farming. 

More data are necessary to elucidate mechanisms of action, delivery methods, optimal 

concentrations, and possible combinations. 

 

 
Figure 7. Principal mode of actions of phytochemicals and their effectiveness against bacteria 

(AlSheikh et al., 2020). 

 

Tannins 

Tannins can be found in several plant species. Some tannins-richest plants are the 

mimosa, chestnut, quebracho, maple tree, acacia, oak, and eucalyptus. Also fruits like 

blackberry, pomegranate, grapes, cranberry, and persimmon can be an interesting 

source of tannins. Tannins have a defensive role for plants to protect themselves from 

insects and predators due to their bitter taste (Farha et al., 2020). From a chemical point 

of view tannins are a class of polyphenols, secondary metabolites of plants, with a 

molecular weight ranging from 500 to 30,000 Da (Serrano et al., 2009). They can be 
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classified as hydrolysable (pyrogallol) or condensed tannins (proanthocyanidins). 

Hydrolysable tannins can be hydrolysed in monomers by chemical or enzymatic 

treatments. These are composed of phenolic acids and polyols (commonly glucose) 

grouped into gallotannins and ellagitannins (Khanbabaee and Van Ree, 2001). 

Condensed tannins (1-30 kDa) are more concentrated in plants compared to 

hydrolysable ones (500-3000 Da) (Ebrahimnejad et al., 2014). Tannins have a different 

behaviour in intestinal environment, the hydrolysable ones are degraded during 

digestive process whilst condensed tannins can not be absorbed by the gut (López-

Andrés et al., 2013).   

Tannins can inhibit the growth of several microorganisms showing both bactericidal 

and bacteriostatic effect depending on their concentration, class of tannins, and 

structural properties. As polyphenols, tannins are rich in phenolic groups that are 

responsible for their functional characteristics. In general, higher antibacterial effect 

has been observed with hydrolysable compared to condensed tannins (Caprarulo et 

al., 2020). This is probably due to the presence of galloyl groups that play an important 

role for antibacterial effect (Ekambaram et al., 2016; Farha et al., 2020). Siderophores 

that transport iron are essential for bacterial growth. Organic compound produced by 

bacteria are useful to bind and solubilize iron in the external environment for their 

availability. Tannins can chelate ferric iron leading to inhibition of bacterial growth. In 

addition, tannins can precipitate with iron forming a lattice (Engels et al., 2011; Bag et 

al., 2013). However, iron seems to be less important for probiotic bacteria survival. 

Some studies demonstrated that tannins did not influence the growth of lactic acid 

bacteria suggesting that they have stronger antibacterial properties against pathogens 

without negatively impacting on probiotic bacteria (Chan et al., 2016; Chan et al., 

2018b; Chan et al., 2018a).  

Another important antimicrobial property of tannins  is the inhibition of cell wall 

synthesis by direct binding to peptidoglycan destroying the integrity of bacterial wall 

and increasing the susceptibility to osmotic lysis (Dong et al., 2018). In addition, 

tannins can affect the membrane potential increasing permeability of bacterial cell 

membranes leading to cell death. Some classes of tannins can interact with 

lipopolysaccharides of Gram-negative membrane. Proanthocyanidins have shown to 

bind with lipopolysaccharides impairing membrane integrity (Alshaibani et al., 2017). 

Tannins have also been shown to limit the bacterial biofilm formation. The binding 

ability on cell wall has been reported to reduce the produced biofilm (Kyaw et al., 

2011). The inhibition of quorum sensing is also responsible for reduced biofilm 

production. This particular mechanism is used to control the gene expression and is 

based on secretion of particular inducer signals. Tannins can impair the signalling 

transfer thus negatively impacting the quorum sensing (Farha et al., 2020). 
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Tannins have shown to inhibit the expression and functionality of several enzymes 

that are produced as virulence factors such as protease, phospholipase, urease, 

neuraminidase, and collagenase (McCall et al., 2013; Quosdorf et al., 2017). Other 

studies demonstrated the inhibitory activity of tannins towards bacterial adhesion by 

influencing the surface hydrophobicity and cell aggregation activity (Gupta et al., 

2012). Rasooly et al. (2019) reported that tannins can inhibit the production of 

staphylococcal toxins. Ellagitannins were shown to decrease the toxin production of 

multidrug-resistant Clostridium difficile (Sukumar and König, 2018). 

Tannins are potent antioxidants that have been widely applied to food industry and 

medical fields. It is well known that condensed and hydrolysable tannins have higher 

antioxidant potential than simple phenols, since the number of hydroxyl groups and 

the polymerization degree are directly correlated with the free radical scavenging 

capacity (Ricci et al., 2016). 

Anti-inflammatory properties of tannins are linked to the antioxidant capacity. Several 

in vitro studies demonstrated that tannins supplementation can reduce the pro-

inflammatory mediator secretion and modulate the cytokine expression. Their activity 

may be more related to the radical scavenging ability than the inhibition of 

inflammatory cytokines production (Park et al., 2014; Liu et al., 2015a; Liu et al., 2015b). 

However, phlorotannins from brown alga A. nodosum displayed an inhibitory effect 

towards cytokine release decreasing the inflammatory status (Dutot et al., 2012). 

Considering their high content of bioactive compounds and beneficial properties 

widely reported in literature, tannins can be considered interesting functional feed 

additives for feed formula in livestock. 

 

1.5.3 Organic acids 

Organic acids are compounds with acidic properties, mostly consisting of carboxylic 

acids (-COOH). They can be divided into i) short chain fatty acids (SCFA) for organic 

acids with less than 6 carbon atoms; ii) medium chain fatty acids (MCFA) from 7 to 10 

carbon atoms; and long-chain fatty acids (LCFA) with ≥11 atoms of carbon.  

Organic acids were historically used for feed sanitization reducing fungal growth and 

preventing also bacterial growth. Some of SCFA such as acetate, propionate and 

butyrate are produced by the intestinal microbiota (Khan et al., 2022). Literature 

studies investigated their growth-promoting effects in monogastric animals. The 

observed results showed that organic acids may improve the feed utilization, reduce 

the microbial load and supporting intestinal health (Khan et al., 2016; Baghban-Kanani 

et al., 2019). Broilers infected with Salmonella typhimurium and E. coli that received a 

dietary supplementation of organic acids showed higher growth performance 
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compared to unsupplemented groups (Emami et al., 2017; Adhikari et al., 2020). 

Obtained results have been reported as the effect of nutrients digestibility 

enhancement, reduction of pathogens, reduced ammonia and other harmful 

metabolites production (Khan et al., 2016). Organic acids have shown to increase 

penetrate the bacterial cell membranes. After their penetration, protons are released 

by organic acids resulting in a reduction of intracellular pH. The process of pH 

lowering leads to an enzymatic reaction that forces bacterial cells to release protons 

and accumulate anions (Khan et al., 2022). 

It has been reported that dietary fiber may be used as substrate to SCFA that nourish 

enterocytes and inhibit pathogens (Yudiarti et al., 2020; Scicutella et al., 2021). 

The group of lactic, fumaric and citric acids are commonly used to decrease the pH of 

the stomach, creating an unfavourable environment for acid sensitive bacteria. 

Lowering the pH in cytoplasmic environment, bacterial transport systems and 

enzymatic reactions and energy production are disrupted (Scicutella, 2021). On the 

other hand, acetic, propionic, butyric and sorbic are also able to lower the pH, but 

additionally they can directly interact with bacterial cell wall (Papatsiros et al., 2014).  

In particular, through targeting the cell wall, membrane and metabolic pathways 

organic acids can impair the bacterial replication, protein synthesis, and function 

(Ricke, 2003; Dittoe et al., 2018). 

 

Tributyrin 

Tributyrin (butanoic acid 1,2,3-propanetriyl ester) is a single molecule composed by 

three butyric acids esterified with a glycerol molecule (Zhang et al., 2020). When 

hydrolysed by lipases, tributyrin releases three butyrate molecules resulting in a single 

compound three-fold more powerful than butyric acid. Tributyrin does not possess 

the strong odour of butyric acid thus not impairing the feed palatability. It is well 

known that butyric acid such as SCFA exerts positive effects to intestinal health 

nourishing enterocytes and inhibiting the bacterial growth. In particular, butyrate 

stimulates healthy cell proliferation, and inhibits cancer cells growth by increasing 

their apoptosis (Canani et al., 2012).  

Butyric acid favourites the water absorption in the gut decreasing diarrhoea 

occurrence. In addition, it inhibits the pro-inflammatory transcription factor NF-kB, 

leading to lower levels of cytokines produced by intestinal cells (Liu, 2022). Previous 

studies demonstrated that butyrate is beneficial in modulating mucosal immunity, 

inflammatory response and intestinal barrier function (Tan et al., 2014; Yang et al., 

2020). In particular, the supplementation of butyric acid induced a decrease of 

inflammatory cytokines (IFN-γ, TNF-α, IL-1β, IL-6) and increased anti-inflammatory 
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signalling molecules (IL-10 and TGF-β) (Byrne et al., 2015; Knudsen et al., 2018). 

Tributyrin and butyrate supplementations in calves, piglets and broilers showed to 

alleviate inflammation lowering the oxidative stress (Huang et al., 2015; Bortoluzzi et 

al., 2017; Liu et al., 2022). 

Tributyrin compared to sodium butyrate presents some advantages due to its longer 

metabolic half-life, more efficient induction of host defence peptides, and absence of 

offensive odour which affects the feed intake (Miyoshi et al., 2011; Jiang et al., 2013; 

Hu et al., 2022). All these characteristics make tributyrin an interesting feed additive 

for animal nutrition. 

 

1.5.4 Microbial derived-products and additives  

 

Leonardite 

Humic substances are part of the organic matter of the soil, water and sediment. They 

are derived from chemical reactions along the decay and transformation of plants and 

microbes. The process of humification transforms many compounds (carbohydrates, 

phenols, proteins) into large complex and polymeric structures. For these reasons, 

humic substances have a huge variability in their composition and structure. Humic 

substances can be classified into three main fractions based on their solubility: humic 

acids, fulvic acids and humin (de Melo et al., 2016). Recently, humic substances 

renewed a particular interest for their anti-inflammatory, immuno-modulatory, 

antioxidant and antimicrobial activities (Canellas and Olivares, 2014; Monda et al., 

2017; Monda et al., 2018; Bernstein et al., 2019; Verrillo et al., 2022). 

Among humic substances, leonardite is a microbially derived product mainly 

composed of humic substances, characterized by a high concentration of humic acids.  

Trckova et al. (2018) observed a significant reduction in diarrhoea severity and 

mortality, concomitantly with higher feed intake in weaned piglets after dietary 

supplementation of leonardite. The effectiveness of leonardite can considerably vary 

depending on the content of humic substances and their fractions. Even if its 

mechanism of action has not been fully understood, humic substances have an high 

affinity for biological membranes and they are involved in ion transport (Trckova et 

al., 2018). It was reported that after humic substances administration the improved 

animal performance were associate with an improved intestinal morphology, 

enhanced nutrient absorption, and modulation of gut microbiota (Islam et al., 2005; 

Wang et al., 2008; Chang et al., 2014). The antioxidant activity of leonardite is probably 

due to carboxylic and phenolic groups that constitutes humic acids, that may affect the 

oxidative status of the host (Khil'ko et al., 2011; Trckova et al., 2017). 
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Humic substances have capabilities to chelate minerals and increase their 

bioavailability. This characteristic have been explained with the presence of carboxyl 

and hydroxyl groups that contribute to the bioavailability of minerals in the body 

(Islam et al., 2005; Ipek et al., 2008). Leonardite supplementation increased serum 

levels of calcium, phosphorus and magnesium broilers (Samudovska and 

Demeterova, 2010). Other studies showed that leonardite supplementation may 

influence the lipid metabolism, but the exact mechanisms below this effect need to be 

further investigated (Wang et al., 2007; Macit et al., 2009; Trckova et al., 2018). 

Leonardite is a natural source of humic substances that showed encouraging results 

regarding animal health and performance. However, more studies are needed to better 

clarify its mechanism of action and its optimal composition and concentration for feed 

formulations as source of bioactive compounds that can contribute to decrease 

antibiotics consumption. 

 

Probiotics 

The definition of probiotics was firstly formulated by the Food and Agriculture 

Organization (FAO) and World Health Organization (WHO) in 2001 as “live 

microorganisms that, when administered in adequate amounts, confer a health benefit 

to the host” (Hotel and Cordoba, 2001). Most of probiotics belongs to Lactobacillus and 

Bifidobacterium genera as they are generally recognized as safe and commonly live in 

the GIT. Probiotics interact with both host and microbiota providing some beneficial 

effect due to their immunogenic potential, production of antimicrobial molecules, 

enhancement of mucosal integrity, competition for adhesion sites and nutrients with 

pathogens (Bermudez-Brito et al., 2012; Hill et al., 2014). The beneficial effect of 

probiotics is strictly related to the microbial strain, thus different multi-strain 

combinations have been developed to obtain a synergistic effect (Roselli et al., 2017). 

Bacillus subutilis showed to modulate inflammatory response and gut permeability. In 

addition, some strains of Bacillus demonstrated to improve animal performance and 

modulate gut microbiota (Rhayat et al., 2017; Wealleans et al., 2017).  

Lactobacillus spp. is another genus commonly used as probiotic. Studies have shown 

that Lactobacillus strains have the ability to inhibit pathogens and decrease the 

inflammatory response (Bajagai et al., 2016; Buntyn et al., 2016; Mignacca et al., 2017).  

The enhancement of growth performance after probiotic supplementation has been 

confirmed through a higher feed digestibility, conversion rate, and production of 

volatile fatty acids (El-Tawab et al., 2016). Another important effect of probiotics is the 

antagonistic behaviour towards pathogens. Lactic acid bacteria, commonly used as 

probiotics, produce organic acids that decrease the pH in the GIT, lowering the 
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pathogenic strains survival and regulating the microbiota. Enterococcus faecium 

supplementation in piglets reduced the abundance of Clostridium perfrigens 

(Hanczakowska et al., 2016). Literature studies demonstrated that lactic acid bacteria 

supplementation reduced Salmonella, Shigella and E. coli presence in faeces and 

intestinal environment of goats and pigs (Apás et al., 2010; Chiang et al., 2015). Some 

probiotic strains are able to produce exopolysaccharides that inhibit biofilm formation, 

and they have been also employed as preservative for food products (Alayande et al., 

2020). Lactobacillus spp. were shown to reduce the contamination of feed from 

mycotoxins detoxifying different forms of mycotoxin by cell wall adsorption and 

biotransformation (Wang et al., 2019b; Chlebicz and Śliżewska, 2020). Ran et al. (2019) 

evaluated the use of Lactobacillus-base products compared to in-feed antibiotics on 

performance, carcass characteristics and blood metabolites. Results shown that 

probiotic supplementation increased growth performance, feed efficiency and the 

treated group registered a lower number of antibiotic treatments thus confirming 

probiotics as potential alternatives to antibiotics. Probiotics supplementation in 

broilers shown to modulate lipid metabolism (cholesterol, triglycerides) and 

immunological parameters (Mujnisa et al., 2018; Vase-Khavari et al., 2019).  

In weaned piglets, the supplementation of a probiotic mixture (L. reuteri, L. salivarius 

and Streptococcus salivarius) boosted growth performance, blood parameters and 

immunoglobulin G content (Aiyegoro et al., 2017). L. salivarius showed to inhibit the 

colonization of E. coli K88 and increase intestinal integrity in vitro (Yeo et al., 2016). 

Considering the important concerns regarding AMR, probiotics have good chances as 

valid alternative to antibiotics in livestock due to their positive impact on animal 

health. 
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2 Aim 
The aim of the following project was to evaluate innovative functional feed additives 

for animal nutrition, in order to increase animal health, performance and reduce the 

use of antibiotics in farm animals.  For reaching this goal the use of specific in vitro, in 

vivo and ex vivo approaches has been followed. In particular, the in vitro methodology 

was useful to (i characterize feed additives for their composition and functional 

properties, (ii screen different concentrations in order to optimize their inclusion, (iii 

obtain reliable data for decreasing the number of animals used for experimental 

purposes. In vivo trials were necessary to understand the effect of dietary inclusion of 

functional feed additives on (i zootechnical performance, ii) animal health and 

pathology occurrence, (iii gut microbiota modulation.  

In addition, due to the constantly raising needing of science-based data and reducing 

or substituting animals for experimental purposes the research has been prompted to 

develop innovative models in line with 3R principles. For this reason, an ex vivo model 

was set up to study nutrient bioaccessibility and predict the nutritional value of 

ingredients and additives.   
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3  In vitro evaluation of innovative 
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Animal models have been used in research form the Greek Era. Documents from 

Alcmaeon of Croton have been found from in 6th century B.C documenting 

experiments with animals (Ericsson et al., 2013). Many models have been developed 

for different studies involving nematodes, flies, zebrafishes, frogs, mice, rats, rabbits, 

dogs and primates (Bédard et al., 2020).  

The most used animal models are mice and rat. There are several reasons why animals 

are still used in research to study human diseases. Mice share 80% of genome with 

humans and they have a shorter life expectancy compared to humans, and scientist 

can study disease evolution a shorter lifetime than human being (Demetrius, 2006). 

In 1959, Russel and Burch defined the 3R principles for animal use in research: 

replacement, reduction and refinement. The purpose of the principles was to offer 

better life quality to laboratory animals. The replacement is the primary aim. In several 

cases, animals models can be substituted by more accurate and innovative in vitro 

models (Bédard et al., 2020). In addition, the reproducibility in research studies that 

use animal models are considered lower. The replacement of animals can be pursued 

through different alternatives including in vitro protocols, tissue engineering and ex 

vivo tests. Cell culture is a promising approach complementary to animal 

experimentation or to completely substitute it. This model is an important tool for 

improving the knowledge on cell biology and different 2D and 3D methods have been 

developed (Meigs et al., 2018). Other alternatives involve enzymatic and 

microbiological systems, DNA and microfluidic chips (Arora et al., 2011). 

Animal ethics is an important issue as human welfare. Even if it is not possible to 

completely substitute animal for experimental purposes, the use of in vitro studies has 

thus become valuable to acquire preliminary results that allow to reduce at the 

minimum the involvement of animals in research studies in line with the 3R principles.  

For this reason, the evaluation of functional characteristics of algae, tannins extract, 

and probiotic strains as innovative feed additives was firstly conducted in vitro. 
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Brief Introduction to the Study: 

The following study significantly contributed to my academic career. This scientific 

work laid the foundations for the development of the subsequent project funded by 

the University of Milan entitled: 'ASAP - Algae-based alternatives to in-feed antibiotics 

in pig production' (Seal of Excellence 2020) with Principal Investigator Prof. Luciana 

Rossi evaluating the effect of dietary supplementation of algae in post-weaning 

challenged piglets. The following research evaluated two important functional 

characteristics of Ascophyllum nodosum and Schizochytrium spp. as innovative feed 

ingredients. The algae tested showed dose-dependent antibacterial and antioxidant 

capacity depending on species and nutrient composition. The article is mainly based 

on the use of two in vitro techniques to evaluate the bioactivities of algae extracts, 

highlighting the potential for their use as sustainable functional ingredients for pig 

nutrition to reduce disease occurrence, improve animal health and reduce antibiotic 

use. Even if the in vitro results can not be directly translated to in vivo, the study 

demonstrated the potentiality of the investigated algal species and enriched the 

literature regarding innovative sustainable feed ingredients for pig nutrition. 

However, the importance of the paper relies on the fact that this manuscript was my 

first scientific publication, which allowed myself to gain valuable skills and experience 

in my journey as a young researcher going through the entire editorial and peer-

review process.  
 

3.1 In vitro evaluation of antimicrobial and antioxidant activities of 

algal extracts 
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Abstract 

The aim of this study was to evaluate the antioxidant capacity, the antimicrobial 

proprieties of algae Ascophyllum nodosum and Schizochytrium spp. against one of major 

swine enteric pathogen Escherichia coli O138 by broth macro-dilution method in Luria–

Bertani (LB) medium. The antimicrobial effect of the algal extracts at supplementation 

of 0.12%, 0.06% and 0.03% (v/v) on E. coli O138, genetically characterised by PCR, was 

evaluated by following the bacterial growth. The antioxidant activity was determined 

by the ABTS Radical Cation Decolourisation Assay. In particular, the log10 E. coli used 

as control resulted significantly higher than 0.12% at 3 hours (8.82 ± 0.07 and 8.18 ± 

0.07 log10 cells/mL, respectively; p<.01) suggesting an inhibitory activity related to the 

dose. No effect activity was observed with Schizochytrium spp. against E. coli growth. 

A. nodosum and Schizochytrium spp. exhibited antioxidant capacity (p<.05). The 

combination of them (1:1) exhibited antioxidant activity suggesting a synergistic effect 

(p<.05). The different proprieties of algal species that can modulate the O138 E. coli 

growth, one of the major pathogen of swine species, together with the antioxidant 

capacity, make them a promising functional feed additive to improve the gut health, 

therefore further studies are needed to confirm these activities in vivo. 

 

Keywords: algae; antimicrobial; antioxidant; additives; functional feed. 

 

Highlights 

• The aim of the study was to evaluate the antimicrobial and antioxidant proprieties 

of two species of algae: Ascophyllum nodosum and Schizochytrium spp.  

• Ascophyllum nodosum revealed antimicrobial effect against Escherichia coli O138. 

Both algae exhibited antioxidant capacity also with a synergistic effect. 

 

Introduction 

One of today's challenges, in line with the One-Health principles, is to reduce the use 

of drugs and antibiotics in humans and livestock because of the rise of antibiotic 

resistance (EFSA and ECDC 2013; Dhama et al. 2013). In this context, pig farming is 

one of the most profitable agricultural practices, however, antibiotics have often been 

used in order to deal with critical phases of a pig's life, such as weaning. Post Weaning 

Diarrhoea (PWD), a gastrointestinal disease mainly associated with certain Escherichia 

coli strains, represents the most common indication for the antimicrobial prescription 

(Amezcua et al. 2002).  In particular, the pathogroup of porcine verocytotoxin-

producing Escherichia coli, belonging to serogroups O138, O139, and O141, is 

characterized by a virulence profile responsible for acute and severe enterotoxaemia 
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and for important economic losses (Verdonck et al. 2002; Rossi et al. 2014). Many 

factors, infectious and non-infectious, are involved in the outbreak of the PWD that is 

considered a multifactorial disease where the nutrition plays a pivotal role (Rossi et al. 

2013). The reduction of the use of antimicrobials in food-producing animals, replacing 

them where possible and re-thinking the livestock production system, is essential for 

the future of animal and public health (EFSA 2012; Murphy et al. 2017). For these 

reasons, several functional feed additives need to be evaluated in the weaning phase 

in order to increase the health status and reduce the need for antibiotics (Windisch et 

al. 2008). In this scenario algae, besides being a valid source of essential nutrients, can 

be a very interesting natural source of new compounds with biological activity that 

could be used as functional ingredients of pig rations (Makkar et al. 2016; Madeira et 

al. 2017).   

Algae are a heterogeneous group of autotrophic, photosynthetic, aquatic organisms 

which ranges from single-celled microorganisms defined as microalgae, to huge 

complex seaweeds (Evans and Critchley 2014).  Schizochytrium spp., a microalga from 

Thraustochytrids family, is one of the most commonly studied microalgae in animal 

nutrition because of its high content in n-3 and n-6 poly-unsaturated fatty acids with 

observed effects on animal’s products quality and animal health status (Jiang et al. 

2004; AbuGhazaleh et al. 2009; Madeira et al. 2017).  

Macroalgae are macroscopic, multicellular plant-like organisms with a highly variable 

composition depending on species, habitat, temperature, light intensity, nutrients 

concentration of water (Makkar et al. 2016). Macroalgae can be divided into three 

groups: brown algae, red algae and green algae.  Although brown algae are of lesser 

nutritional value than red and green algae, they contain important bioactive 

compounds. Ascophyllum nodosum is a large, common cold water brown alga and is 

one of the most used seaweeds in animal nutrition, it is rich in minerals, particularly 

potassium and iodine (Combet et al. 2014) and contains polyphenols and 

phlorotannins, enlisted as bioactive compounds (Munir et al. 2013; Makkar et al. 2016). 

Algal biomass can also have a positive impact on food security and the environmental 

impact: in fact, they are cheap to harvest and grow exclusively in water, preventing 

the use of arable land. They also release oxygen into the atmosphere and, if included 

in the diet of ruminants, are able to reduce methane emissions (Fievez et al. 2007). 

Algal culture technology is similar to terrestrial plants agriculture; however, algae 

possess higher productivity. Plants are in a different scale level with an evolved 

organization of tissues, but micro and macroalgae have some advantages compared to 

them: they are not cultivated in agricultural soils, they can grow in non-potable water, 

in coastal, arid and marginal areas unsuitable for agricultural purposes (Cardon et al. 

2008; Gouveia et al. 2009; Bochenski et al. 2019). Moreover, considering the challenges 
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and the agrozootechnical scenario of the coming years, the enlargement of feed 

resource base through identification of novel feeds or development of new additives 

that enhance resources use efficiency would play an important role in sustainable 

development of the animal productions.  

Even if the algae bioactivities have been recognized, considering the heterogeneity of 

the algae-based commercial products for feed and the intra- and interspecific 

differences among algae, it is necessary to evaluate their functional proprieties, define 

the suitable species and the possibility to combine them to enhance their effect. For 

these reasons, the aim of this study was to evaluate the in vitro antioxidant properties 

and the antibacterial effect against O138 E. coli, major pathogen in swine livestock, of 

Ascophyllum nodosum and Schizochytrium spp. in order to establish their possible 

further integration in weaned pigs’ diets as functional feed additive and as possible 

alternative to antibiotic compounds.  

 

Materials and methods  

Evaluation of nutritional value 

Algae dried meal samples were obtained from Italfeed S.r.l. (Milan, Italy). The samples 

were analysed for the main nutrient components (ether extract, crude proteins, fats, 

crude fiber, ash) according to AOAC “Official methods of analysis” in double. 

Dry matter (DM) was obtained by inserting samples in preweigthed aluminium bags 

and dried in a forced-air oven at 105°C for 24 h (AOAC method 930.15). 

Ashes (Ash) were obtained using a muffle furnace at 550°C (AOAC method 942.05). 

Crude protein (CP) was determined by a Kjeldahl method (AOAC method 2001.11). 

Ether extract (EE) was determined using ether extraction in the Soxtec system (DM 

21/12/1998). Crude fiber (CF) was determined by filtering bag technique (AOCS 

method Ba 6a-05). Mineral content was determined after sample mineralization. In 

particular, pulverized samples (0.3 g) were digested by a microwave digestor system 

(Anton Paar MULTIWAVE-ECO) in Teflon tubes filled with 10 ml of 65% HNO3 by 

applying a one-step temperature ramp (at 120°C in 10 min and maintained for 10 min). 

The mineralized samples were cooled for 20 minutes, and they were transferred into 

the polypropylene test tubes. Mineralized samples were diluted 1:100 with 0.3 M 

HNO3 in MilliQ Water and the concentration of elements was measured by inductively 

coupled plasma atomic emission spectrophotometer (ICP; model: Optima 3300 XL, 

PerkinElmer Inc., Massachusetts, USA).  
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Table 1. Primers used for polymerase chain reaction (PCR). FedF gene is an essential adhesion protein of F18 

fimbriae, VT2eB is the gene codifying verocytotoxin type 2 variant B-subunit. 

Primers Nucleotide sequences 

FedF-5’  CCATGGCTACTCTACAAGTAGACAAGTCTGTTTC 

FedF-3’ GAGCTCTTACTGTATCTCGAAAACAATGGGCACCG 

VT2e-B subunit-5’ GGATCCATGAAGAAGATGTTTATAGCGG 

VT2e-B subunit-3’   AACGGGTCCACTTCAAATGATTCTCGAG 

 

Escherichia coli characterization 

The O138 E. coli strain was obtained from the Lombardy and Emilia Romagna 

Experimental Zootechnic Institute (IZSLER, Italy). 

The strain was genetically characterized for the presence of genes codifying for two 

virulence factors represented by the F18 adhesive fimbriae and the verocytotoxin 

(VT2e). In particular, specific oligonucleotides were designed for the detection of FedF 

gene essential for F18 adhesion fimbriae and the B subunit of VT2e, responsible for 

binding the toxin to the intestinal cell surface before the absorption (Table 1). 

Genomic DNA was extracted using phenol/chloroform (1:1) from an overnight culture 

of E. coli strain and the quality of DNA was evaluated spectrophotometrically (260/280 

ratio) and by agarose gel electrophoresis (0.8%, 10 V/cm 2 h) for quantification and to 

test for the presence of RNA or degraded DNA. The presence of FedF and VT2eB genes 

was evaluated by polymerase chain reaction (PCR) using specific primer-pairs. PCR 

were performed using the following experimental conditions: first denaturation 94°C 

for 2 minutes, denaturation phase 94°C for 1 minute, followed by annealing phase 

55°C for 2 minutes and elongation phase 72°C for 2 minutes (the cycle was repeated 

34 times). The volume of reaction mixture was 50μl, with 5μl of template (bacterial 

DNA) added to PCR mixture.  

 

Antimicrobial assay 

Antimicrobial extracts from algae Ascophyllum nodosum and Schizochytrium spp. were 

obtained according to Jiménez et al. (2009) method. Five grams of dried algal meal 

sample were dissolved in 150 mL of acetone and extracted using a Soxhlet apparatus 

for 6 hours. After the evaporation of the solvent under vacuum at 50°C, the residue 

(120 mg) was resuspended in 20 mL of MilliQ water, filtered with 0.22 µm syringe 

filter and stored at -20°C until the analysis.  

A liquid culture-based growth inhibition assay with E. coli O138 was performed to 

evaluate the ability of algae Soxhlet extracts to inhibit bacterial growth. An overnight 

culture of E. coli O138 in Luria-Bertani (LB) liquid medium was used as the inoculum 

for the experiments.  
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The experiment was set up as follows: 10mL of LB with 120µL of E. coli culture in 

liquid LB medium without algal extract were used as a positive control in order to 

evaluate the bacterial growth without any external influence. Three concentrations of 

the algal extract were added to a 50 mL tube with 10 mL of LB, to obtain a final 

concentration of treatment of 0.12%, 0.06% and 0.03% respectively. These 

concentrations were tested to evaluate if lower concentrations, compared with 

previous literature (Jimenez et al, 2009), were able to exert antimicrobial activity also 

in order to optimize the possible future inclusion of algae in feed and considering their 

cost-effective. 

120 µL of overnight LB culture of E. coli were then added to each 50 mL tube. The same 

algal extract concentrations were added to 10 mL of LB without adding 120 µL of E. 

coli culture for the negative controls. All the samples were then maintained at 37°C in 

a shaking incubator for six hours. The growth rate of E. coli was estimated, every hour 

for six hours, measuring the absorbance with a spectrophotometer (V-630 UV-VIS 

Spectrophotometer, JASCO, Germany) at an optical density (OD) of 600 nm. 

The measured OD were converted in log10 of the number of cells/mL considering 1 OD 

= 1×109 cells/mL (Myers et al. 2013). 

All assays were performed in technical duplicate and three biological replicates that 

are meant to verify the replicability of the experiment, using the same procedures 

repeating the experiment starting from the sample also repeating the test in different 

days. 

 

Evaluation of antioxidant properties (ABTS assay) 

To perform the antioxidant assay, dried meal of Schizochytrium spp. and A. nodosum 

were extracted using ethanol and water according to the method proposed by Machu 

et al. (2015) with some adaptations. One gram of each alga was dissolved in 10 mL of 

solvent (pure ethanol or water) and stirred for 24 hours at 23°C. A mixture of both 

algae was prepared using 1:1 (w/w) of A. nodosum and Schizochytrium spp. powder 

extracted with 10 mL of water or ethanol as solvents. The mixture was stirred for 24 

hours at 23°C. Extracts were centrifugated for 10 min at 3000 rpm, the supernatants 

were collected and filtered with 0.45 µm syringe filter and stored at -20°C until the 

analysis. The antioxidant activity was tested by adopting an ABTS assay, according to 

Re et al. (1999). The 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) 

radical cation was generated by the reaction of 7 mM ABTS with 2.45 mM of K-

persulfate. The reaction mixture was left to stand in the dark for 16 hours at room 

temperature and used within two days. Working solutions of ABTS•+ were obtained 

by diluting ABTS•+ in ethanol in order to obtain an absorbance of 0.700 ± 0.02 OD at 

734 nm at room temperature. First, a calibration curve was obtained using different 
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concentrations (2000 µM, 1500 µM, 1000 µM, 500 µM, 100 µM, 0 µM) of Trolox (6-

hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) as standard. The assay was 

performed using 10 µL of diluted sample added to 1 mL of working solution (ABTS•+). 

The absorbance was recorded from 1 to 6 minutes and all determinations were 

performed in triplicate. The A. nodosum and Schizochytrium spp. extracts were diluted 

in their solvents (water and ethanol) and tested in the following concentrations: 10%, 

5%, 2%. Secondary, in order to test the synergistic effect, the mixture with an equal 

concentration of both algae (1:1 w/w) was then tested with the same concentrations: 

10%, 5%, 2%. The concentrations tested were prepared diluting the original extract 1:5 

(v/v), 1:10 (v/v) and 1:20 (v/v) in line with the range tested by Jimenez et al. (2009) for 

DPPH assay. The dilutions were also necessary to obtain absorbances comparable with 

the calibration curve in order to quantify the final results that were expressed as 

equivalent concentration of Trolox/g after six minutes (TroloxEq/g).  

The total antioxidant capacity was expressed as the percentage inhibition (PI), 

according to the equation: PI = [(AbsABTS•+ - Abs sample) /AbsABTS•+] × 100; here 

AbsABTS•+ denotes the initial absorbance of diluted ABTS•+, and Abs sample denotes 

the absorbance of the sample in every 6 min of reaction. 

 

Statistical Analysis 

Data of antimicrobial and antioxidant assays were analysed using Proc GLIMMIX of 

SAS 9.4 (SAS Inst. Inc., Cary, NC). The model included the fixed effect of treatments, 

time, the interaction between treatment and time. Within significant two-way 

interactions, slice option was used to separate means within a specific treatments and 

time and the results are reported as least squares means (LSMEANS) and standard 

error. Data of µmol TroloxEq/g were compared using Proc GLM. The model included 

the effect of algae and extraction methods (water and ethanol) and the interaction 

between algae and extraction methods. Means were considered different when p < .05 

and tended to different if 0.05 < p ≤ 0.10. Tukey-Kramer studentized adjustments were 

used to separate the means of extraction methods within the two-way interactions. 

Results are reported as means and standard deviations. 

 

Results and Discussion 

In this study, the attention was focalized on the in vitro evaluation of nutraceutical 

properties of Schizochytrium spp. and Ascophyllum nodosum in order to establish their 

further use as functional additives. 

The obtained results of chemical analysis of algae are in line with literature (Makkar 

et al. 2016) and the commercial feed label (Table 2). Both algae were freeze-dried meal 

with moisture content less than 8% in order to guarantee adequate storage conditions. 
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In general, A. nodosum is characterized by a high content of minerals (more than 20% 

DM), in particular it is characterized by a high content of calcium and a low content of 

phosphorous. This aspect should be considered in the diet‘s formulation in order to 

maintain a correct balance of these two elements. However, if algae are used as feed 

additives, they will be included less than 5% in the diet and this percentage should not 

constitute an important change in the mineral balance. In general, mineral premix 

additive is always included during the ration formulations, the amount of minerals 

contained in algae must be considered for their enclosure in the feed in order to respect 

the admitted levels of European Union regulation (Reg 1081/2003/EC). In particular, 

some minerals are required as nutrients for the piglets, but they are frequently 

integrated in excess also to increase animal performances and this aspect could 

represent a risk for the environment (Hejna et al. 2018). Minerals such as Cadmium 

(Cd) are undesirable compounds and Cd could become toxic in higher concentrations. 

Our results revealed an amount of Cd in line with permitted level of European 

regulation about feed additives (Dir 2002/32/EC). Other minerals like zinc (Zn), copper 

(Cu) and selenium (Se) are useful to satisfy the requirements of animals, their 

concentration should be balanced with the mineral content of the ingredients utilized 

in animal feed, also respecting the safety of the environment (Table 3). On the contrary, 

Schizochytrium spp. contains a lower amount of minerals (5.25% DM), but it represents 

an important source of lipids. A. nodosum is characterized also by 8.25% (DM) of crude 

protein content with high biological value (Becker, 2004). Even if the amount of protein 

is comparable to the corn meal, it should be considered that the presence of non-

protein nitrogen in different algal species can affect the results slightly. In particular, 

the quantification of the crude protein using the standard conversion value for 

nitrogen (6.25) could lead to an overestimation of the protein content if non-protein 

nitrogen is present (Lourenço et al. 1998; Lourenço et al. 2002). 

 

Table 2. Chemical composition of dried algae samples of A. nodosum and Schizochytrium spp.  

 

 

 

 

 

 

 

 

 

 

All values are expressed as percentage of dry matter (% DM). 

Dry matter (DM), Ashes (Ash), Crude Protein (CP), Ether Extract (EE), Crude Fiber (CF). 

 

 Ascophyllum 

nodosum       

Schizochytrium spp. 

DM (%) 92.12 99.39 

Ash (%) 21.41 5.26 

CP (%) 8.25 0.00 

EE (%) 3.31 25.33 

CF (%) 3.57 0.00 
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Table 3. Mineral composition of dried algae samples A. nodosum and Schizochytrium spp.  

 
A. nodosum Schizochytrium spp. 

Ca 10466.00 n.d. 

Cd 0.49 0.36 

Cu 4.19 n.d. 

Fe 433.00 11.10 

Mg 10546.20 15.40 

Mn 132.00 10.10 

P 51.90 48.50 

Se 2.30 2.00 

Zn 32.60 6.10 

All values are expressed as mg/kg of fresh weight. 

n.d. = not detectable 

 

The antimicrobial properties were evaluated against O138 E. coli, one of the major 

enteric pathogens of weaned piglets responsible for postweaning enteritis and 

enterotoxaemia, that causes significant morbidity and mortality in pigs worldwide. 

PWD represents an important issue in swine farming that causes important economic 

losses, at the same time affecting the health of animals and leading to the consumption 

of antibiotic drugs (Rossi et al. 2013). The pathogenicity is usually influenced by the 

presence of virulence factors, such as VT2e toxin and the F18 adhesive fimbriae 

(Verdonck et al. 2002). The detection of FedF adhesion factor of F18 and of VTe2B gene 

confirmed the virulence profile of the O138 E. coli strain (Figure 1). 

 

 
Fig. 1: (A) Agarose gel (1%) one-dimensional electrophoresis of PCR products for the detection of FedF 

gene from genomic DNA of O138 Escherichia coli strain. Lane 1: marker 1 kb; lane 2: positive sample; 
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lane 3: negative control sample. (B) Agarose gel (1.5%) one-dimensional electrophoresis of PCR 

products for the detection of VT2eB gene from genomic DNA of O138 Escherichia coli strain. Lane 1: 

marker 50 pb; lane 2: positive sample; lane 3: negative control sample. 

 

Significant differences in the bacterial growth were observed among the A. nodosum 

concentrations, respectively: 0.12%, 0.06%, 0.03% and 0% (E. coli without treatment) (p 

< .01) (Figure 2). In particular, A. nodosum disclosed that the most concentrated 

treatment (0.12%) exhibited the highest inhibition activity on O138 E. coli growth; on 

the contrary, the lowest concentrations (0.06% and 0.03%) revealed a bacterial growth 

comparable to the positive control, indicating that these concentrations did not 

influence E. coli growth.  

 

 
Figure 2: Average of E. coli growth (log10 cells/mL) of different concentrations of A. nodosum Soxhlet 

extract from time 1 to 6 hour. A. nodosum Soxhlet extract concentrations tested were 0.12%, 0.06%, 0.03% 

and positive control (E. coli). 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .01). 

 

Our results are in line with other findings, demonstrating a significant decrease in 

bacterial growth in vitro (Dierick et al. 2009). Nevertheless, obtained results confirmed 

the antimicrobial activity also against a wild type strain characterized by a relevant 

virulence profile.  

The inhibitory effect is probably attributed to phlorotannins, which are known to be 

powerful bacteriostatic and also a bactericidal component of brown algae (Wang et al. 

2009). Other components of brown seaweed have demonstrated to possess an 

antibacterial activity, in particular polyphenols, which are a class of secondary 

metabolites also known for their antimicrobial activity (Daglia, 2012). It has been 

demonstrated that polyphenols form different sources are able to produce hydrogen 

peroxide in aerobic conditions, its production is also directly related to the content of 
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the hydroxyl groups. Tannins possess affinity for bounding proteins and this capacity 

increases with the number of hydroxyl groups this could explain that phlorotannins 

exert higher antimicrobial activity compared with terrestrial tannins because they are 

readily oxidized upon exposure to air and contain a higher number of hydroxyl groups 

(Wang et al. 2009).  

Our findings highlight the need to use the highest concentration in order to guarantee 

the antimicrobial effect. In particular, considering that the extract used in our study 

was obtained using 5 g of alga in 150 mL of acetone, obtaining 120 mg of solid extract 

that was then dissolved in 20 mL of water, the final concentration of algal extract 

resuspended in water was 0.6%. Our study is in line with Gardiner et al. (2007), which 

used an inclusion percentage of A. nodosum extract in piglet's diet ranging from 0.3% 

to 0.9% of dry matter. The effects of the different concentrations of algae tested to 

evaluate their inhibition capacity over time (Figure 3) revealed that after the first hour, 

the inhibition capacities of the tested concentrations were comparable to the positive 

control (E. coli). After 2, 3 and 4 hours, there was a significant difference among the 

most concentrated treatment (0.12%) and the other samples, which were comparable 

to the positive control (E. coli) (p < .05). The maximum inhibitory effect of algal extract 

was observed after 3 hours, were the log10 cells/mL of control (E. coli) and 0.12% 

concentration were significantly different, respectively 8.82±0.07 and 8.18±0.07 (p < 

.01). No differences were observed at 5 and 6 hours, suggesting an exhaustion of the 

bioactivity due to algal degradation or to the development of bacterial resistance. 

According to Zoetendal et al. (2008) the bacterial resistance of E. coli against condensed 

tannins seems to be related to the activation the BaeSR two-component regulatory 

system. Phlorotannins contained in A. nodosum possesses similar property to 

polyphenols, main constituent of tannins, characterised by antimicrobial activity. 
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Figure 3: Average of E. coli growth (log10 cells/mL) of different concentration of A. nodosum Soxhlet 

extract through experimental time (from 1 to 6 hour). A. nodosum Soxhlet extract concentrations tested 

were 0.12%, 0.06%, 0.03% and positive control (E. coli). 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different, means are separated within 

treatment groups though the experimental time with Tukey (interaction treatment by time p < .05). 

 

Even if the effect was observed only for a short period, it is important to consider the 

transit time of the feed in a pig's gastrointestinal tract, which lasts 4 hours, this 

guaranties the effect throughout the digestion tract.  

Results of ABTS assay revealed that A. nodosum ethanol extract antioxidant activity 

(0.75±0.31 µmol TroloxEq/g) is lower compared to the water extract (p < .05) (Table 4) 

suggesting that this algal species contains a good amount of hydro-soluble antioxidant 

substances which are easily released in water (Figure 4). In line with our results, the 

study conducted by Machu et al. (2015) disclosed the highest antioxidant capacity 

adopting the water extraction for brown algae. Machu et al. (2015) tested Eisenia bicyclis 

that is a brown alga rich in phlorotannins that revealed also antimicrobial capacities 

against streptomycin resistant Listeria monocitogenes (Kim et al. 2017). 
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Figure 4: Average of percentage of inhibition (PI%) of A. nodosum ethanol extract from 0 to 6 minutes. 

The ABTS antioxidant assay tested different concentrations of A. nodosum ethanol extract 10%, 5%, 2% 

and blank. 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .05). 

 
Table 4. Results of ABTS assay of A. nodosum, Schizochytrium spp. and the algal mixture (1:1 w/w) in 

response to the different extraction methods (water and ethanol). Results are expressed as µmol 

TroloxEq/g. 

 

 

 

 

 

 

 

 

Data are shown as means and standard deviations.  

a-b Means (n=3) with different superscripts are significantly different (Treatment p < .05).  

n.d. = not detectable  

 Extraction methods 

 Water Ethanol 

A. nodosum 55.54±16.05a 0.75±0.31b 

Schizochytrium spp. n.d. 2.56±0.53 

Mixture (1:1 w/w) 10.06±2.73a 3.18±0.57b 
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The results have also displayed that the antioxidant activity of A. nodosum water 

extract exhibited an antioxidant activity of 55.54±16.05 µmol TroloxEq/g after 6 

minutes of reaction (Table 4) (Figure 5). In general, free antioxidant substances react 

immediately when the sample is added to an ABTS•+ reaction mixture in a similar way 

to the effect of standard Trolox. Other antioxidants that are not immediately available 

may require time to be released in order to exert their effect against radicals, for this 

reason the assay was conducted in six minutes. 

Figure 5: Average of percentage of inhibition (PI%) of A. nodosum water extract from 0 to 6 minutes. The 

ABTS antioxidant assay tested different concentrations of A. nodosum water extract 10%, 5%, 2% and 

blank. 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .01).  

 

The Schizochytrium spp. ethanol extract exhibited an antioxidant capacity of 2.56±0.53 

µmol TroloxEq/g calculated after six minutes of reaction (Table 4) (Figure 6). The 

Schizochytrium spp. water extract did not display any activity, in fact we obtained an 

opaque extract which was not able to inhibit the ABTS•+ radical. Furthermore, this 

extract when added to the working solution increased the turbidity of the mixture 

making the spectrophotometer reading inaccurate. These findings could be due to the 
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high content of lipids of Schizochytrium spp. (Table 2) that are known to be not hydro-

soluble and water was not able to extract non-polar substances. 

Figure 6: Average of percentage of inhibition (PI%) of Schizochytrium spp. ethanol extract from 0 to 6 

minutes. The ABTS antioxidant assay tested different concentrations of Schizochytrium spp. ethanol 

extract 10%, 5%, 2% and blank. 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .01).  

 

The mixture of A. nodosum and Schizochytrium spp. exhibited an antioxidant capacity 

of 3.18±0.57 µmol TroloxEq/g for ethanol extract and 10.06±2.73 for water extract 

(Table 4) (Figure 7, Figure 8). The antioxidant capacity (µmol TroloxEq/g) of the 

mixture was lower than the antioxidant capacity of A. nodosum water extract alone, but 

the ethanol extracted mixture (3.18±0.57 µmol TroloxEq/g) was comparable to the sum 

of the antioxidant capacity of both ethanol extracted algae (2.56±0.53 and 0.75±0.31 

µmol TroloxEq/g) suggesting that could be possible a synergic effect. Significant 

differences were observed in a dose-dependent way among the concentration tested 

expressed as percentage of inhibition (PI%) (p < .01).  
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Figure 7: Average of percentage of inhibition (PI%) of A. nodosum and Schizochytrium spp. mixture (1:1 

w/w) ethanol extract from 0 to 6 minutes. The ABTS antioxidant assay tested different concentrations 

of A. nodosum and Schizochytrium spp. mixture ethanol extract 10%, 5%, 2% and blank. 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .01).  

Figure 8: Average of percentage of inhibition (PI%) of A. nodosum and Schizochytrium spp. mixture (1:1 

w/w) water extract from 0 to 6 minutes. The ABTS antioxidant assay tested different concentrations of 

A. nodosum and Schizochytrium spp. mixture water extract 10%, 5%, 2% and blank. 

Data are shown as least squares means and standard errors.  

a-b means (n=3) with different superscripts are significantly different (treatment p < .01).  

 

Even if in this study Schizochytrium spp. demonstrated lower antioxidant capacity 

compared to brown algae, several in vivo studies have been largely demonstrated the 

capacity of Schizochytrium spp. to improve health status and production efficiency of 

livestock animals (Lv et al. 2015, Mata et al. 2017). The content of polyphenols, 

tocopherols and other minor components acts against oxidation (Pandey and Rizvi 
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2009), in the last decade, interest in the potential health benefits of dietary plant 

polyphenols as antioxidants has increased rapidly. Schizochytrium spp. contains a large 

amount of DHA that have many beneficial effects. However, high concentrations of n-

3 polyunsaturated fatty acids may increase lipid peroxidation and subsequently 

induce oxidative stress (Vericel et al. 2003). This may explain the lower antioxidant 

capacity of Schizochytrium spp. compared to Ascophyllum nodosum. 

The antioxidant activity of A. nodosum may also be related mainly to phlorotannins, 

which possess strong antioxidant capacity (Sathya et al. 2017). The antioxidant activity 

of 55.54±16.05 µmol TroloxEq/g observed for A. nodosum is comparable with a 

strawberry antioxidant capacity (Castrica et al. 2019). Other studies also confirm the 

antioxidant activity of two polysaccharide groups, laminarin and fucoidans which are 

both present in brown algae (Kadam et al. 2015). Phenolic compounds such as 

flavonoids, phenolic acids, and tannins are considered to be major contributors to the 

antioxidant capacity of plants. These antioxidants also possess diverse biological 

activities, such as anti-inflammatory, anti-atherosclerotic and anti-carcinogenic 

activities. These activities may be related to their antioxidant activity that consists in 

the electron-transfer capacity from their molecules to the oxidized radical by 

scavenging the free radicals (Li et al. 2007).  

Considering that E. coli diseases are commonly multifactorial, all the stressors during 

the weaning can reduce the immune defences. Antibacterial and antioxidant 

compounds could help young animals to maintain the health status, improving 

defences and thus increasing performance. A. nodosum and Schizochytrium spp. have 

displayed suitable characteristics for animal nutrition also revealing interesting 

bioactivities. The future trends will be the inclusion of algae as ingredient in feed 

evaluating the optimal level of inclusion related to their bioactivities in vivo and define 

their cost-opportunity.  

 

Conclusions  

Considering that algae represent several advantages form agronomic and 

environmental point of view, they could become one of the valuable sources of food 

and feed. 

A. nodosum and Schizochytrium spp. revealed interesting bioactivities in vitro and they 

are promising as future feed additives. Indeed, despite only an antibacterial effect was 

observed for a limited time, is interesting to notice the synergistic effect supplied from 

the complementary characteristic of these algal species. A. nodosum can modulate the 

E. coli growth, Schizochytrium spp. possesses antioxidant capacity and the combination 

of these two species can enhance the antioxidant power. With the urgent need of 
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innovative functional feed additives as alternative to antibiotics, these algal species 

should be considered in animal breeding. 

Therefore, more studies on the argument are needed to confirm the in vitro obtained 

results also in livestock conditions. Obtained findings revealed that A. nodosum and 

Schizochytrium spp. possess antimicrobial and antioxidant activities, these aspects 

should be considered as promising for innovative feed additives for functional animal 

nutrition, since each algal species has displayed different effects that could be used in 

complementary way. 
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Brief Introduction to the Study: 

This study demonstrated the antimicrobial activity, antioxidant effect and simulated 

the gastrointestinal digestibility of chestnut and quebracho tannins as functional feed 

additives for animal feed. The in vitro study allowed to evaluate functional properties 

of tannins from different sources and predict their bioaccessibility in vivo. The 

importance of the study relied on the fact that this preliminary evaluation allowed to 

highlight that the combination of chestnut and quebracho tannins could maximise the 

antimicrobial activity compared to single chestnut or quebracho tannins alone, 

probably due to different classes of polyphenols present in the tannin extracts. In 

addition, in this manuscript tested multiple concentrations of tannins in order to 

optimize their further dietary supplementation in vivo. This study played a key role to 

settle the optimal conditions, without the use of animals for experimental purposes, 

prior to testing the effect of tannins in post-weaning piglets. 
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Quebracho trees (Schinopsis spp., family Anacardiaceae) grow mainly in Argentina and 

Paraguay. Quebracho extract obtained from Schinopsis spp. contains 15% to 21% pure 

tannin. Tannins extracted from these plants have been applied in intensive swine 

farms due to their ability to improve animal performance and health. However, there 

are contrasting results regarding the bio-accessibility of chestnut and quebracho and 

their relative antioxidant activity and growth-rate reducing ability on E. coli, which 

ultimately affect their benefits in terms of intestinal health and animal production. Our 

results demonstrate that chestnut and quebracho exert a growth inhibitory activity 

against Enterotoxigenic E. coli (ETEC) species and antioxidant capacity directly, 

without extraction and after in vitro digestion. Our findings not only suggest that the 

combined use of chestnut and quebracho can maximize their functional effects, but 

also that an appropriate dosage of tannins may be key in terms of their effect on 

bacteria and cells.  

 

Abstract: Quebracho (Qu) and chestnut (Ch) are natural sources of tannins and they 

are currently used in animal nutrition as feed ingredients. However, to date the bio-

accessibility, antimicrobial, antioxidant, and intestinal epithelial cell stimulatory doses 

of Qu and Ch have not been determined. Our study investigates the antioxidant and 

E. coli F4+ and F18+ growth inhibitory activity of Qu, Ch, and their combinations after 

solubilization in water (to evaluate the already bio-accessible molecules) and after 

simulated gastro-intestinal digestion in vitro. The effect of an in vitro digested Ch and 

Qu combination was also tested on intestinal epithelial IPEC-J2 cells experimentally 

stressed with hydrogen peroxide (H2O2) and Dextran Sodium Sulphate (DSS). The 

results showed that undigested Qu and Ch alone, and in combination, exerted a 

valuable antioxidant capacity and E. coli F4+ and F18+ growth inhibitory activity. The 

concentration of 1200 µg/mL exhibited the highest E. coli growth inhibitory activity for 

all the samples tested. In addition, after in vitro digestion, Qu and Qu50%–Ch50% 

maintained E. coli growth inhibitory activity and a modest antioxidant capacity. Three 

hours pre-treatment with in vitro digested Qu50%–Ch50% counteracted the H2O2 and 

DSS experimentally-induced stress in the intestinal IPEC-J2 cells. Ch and Qu tannin 

extracts, particularly when combined, may exert E. coli F4+ and F18+ growth inhibitory 

activity and valuable antioxidant and cell viability modulation activities. 

 

Keywords: plant extracts; tannin; in vitro digestion; growth inhibition; enterotoxigenic 

E. coli; antimicrobial activity; antioxidant capacity; IPEC-J2 intestinal cell 
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1. Introduction 

Plant tannins are water-soluble polyphenolic compounds of a variable molecular 

weight, which are abundant in nature [1]. They can be classified into condensed 

(molecular weight: 1000–20,000) and hydrolysable groups (molecular weight: 500–

3000) [2,3]. They have different nutritional significance and adverse effects. Chestnut 

(Ch, Castanea sativa Mill.) and quebracho (Qu, Schinopsis spp.) tannin extracts have 

been used for over ten years in animal feeding [4–6]. Although tannins can interfere 

with the digestion of nutrients as they bind proteins and delay the absorption of sugar 

and lipids, several studies have reported that the addition of Qu and Ch to animal feed 

improved the growth performance and health in both ruminants and monogastric 

animals [4,5,7].  

Although Ch and Qu tannins have been studied in both weaned and fattening 

piglets in terms of their antimicrobial activities [8,9], there is still no consensus on the 

appropriate Ch and Qu tannin dose that maximizes the beneficial effect and minimizes 

the anti-nutritional value of tannins. Moreover, even though Qu and Ch have shown 

significant biological properties in vivo, little is known about the bio-accessibility and 

bioavailability after digestion and the biological effects of such compounds used alone 

and in combination. Due to their chemical composition, they can exert antimicrobial, 

antiviral, antioxidant, and antimutagenic effects locally in the intestine as 

unabsorbable complex structures [10]. In this scenario, in vitro digestion models for 

nutrient evaluation are important for studying both the physiology of certain segments 

of the digestive tract and the digestive and bioactive characteristics of tannins. In pig 

livestock, Enterotoxigenic E. coli (ETEC) is the most important pathotype causing both 

neonatal and post-weaning diarrhoea (PWD), which are responsible for significant 

economic losses worldwide and are the most common reason for the prescription of 

antimicrobials in intensive systems [11,12]. The proliferation of ETEC strains in the gut 

and their pathogenicity can be influenced by the expression of fimbrial adhesins, 

which bind to specific receptor sites on small intestinal enterocytes enabling the 

bacteria to colonize the small intestine [13,14]. ETEC strains equipped with F4 and F18 

adhesive fimbriae show a high virulence and are the most common serotypes isolated 

in animals elected by PWD [15]. As an alternative to antibiotics, new compounds are 

urgently needed to control enteric diseases and PWD in pig livestock [14]. Tannins are 

suitable due to their valuable extra-nutritional properties. However, interactions with 

bacterial toxins seem to be specific, as only a few tannins are able to reduce ETEC 

diarrhoea [16].  

In the present study, we evaluated the in vitro antioxidant and E. coli F4+ and 

F18+ growth inhibitory activities of Qu, Ch, and their combinations in two 
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experimental conditions: (i) After solubilization in water, to demonstrate the direct 

effect of bioactive compounds responsible for bacterial growth inhibition and 

antioxidant activities; (ii) after in vitro gastro-intestinal digestion to evaluate the bio-

accessibility of bioactive molecules responsible for such activities. We also tested the 

ability of the Qu–Ch mixture to counteract H2O2 and DSS-induced stress in IPEC-J2 as 

a cell model of the intestinal swine epithelium. 

 

2. Materials and Methods 

2.1 Chemical Analysis of Chestnut and Quebracho Tannin and Sample Preparation 

Ch and Qu extracts tested in the present study were obtained by hot water 

solubilization and contain 75 g of tannin/100 g of dry matter (Silvateam S.p.A, San 

Michele Mondovi, Italy).  

They were tested in terms of their chemical composition (AOAC, 2005; EU 

regulation 152/2009) and the data are included in Supplementary Table S1.  

The chemical composition of the Ch and Qu was analyzed in the laboratory for 

oven-dried samples (65 °C) to determine the moisture, and then ground through a 1-

mm screen. Ash, crude protein (CP), neutral detergent fiber (NDF), and ether extract 

(EE) were determined following the methods of the Association of Offcial Analytical 

Chemists (AOAC, 2005) (Table 1) [17]. 

 
Table 1. Chemical composition of Qu and Ch tannins. 

% on 

Dry Matter 

Moisture EU 

Regulation 

152/2009 

Ash AOAC 

942.05 (2005) 

Neutral Detergent Fiber 

(NDF) AOAC 2002.04  

(2005) 

Crude Protein 

AOAC 2001.11 

(2005) 

Ether Extract 

AOAC 2001.11 

(2005) 

Qu 4.82 ± 0.04 2.01 ± 0.15 <0.5 1.40 ± 0.02 <0.5 

Ch 5.30 ± 0.04 0.99 ± 0.05 <0.5 0.90 ± 0.1 <0.5 

 

Ch (Ch100%), Qu (Qu100%), and three different mixtures of Ch and Qu tannins 

(Qu75%–Ch25%, Qu50%–Ch50% and Qu25%–Ch75%) were dissolved in hot water 

(100 mg/mL), neutralized (pH 7), and filter sterilized (0.22 µm filter, Millipore). 

In both tannin extracts, the crude protein content was below 1.5% on a DM basis, 

and the fat and NDF concentrations were negligible. 

Tannin mixtures were obtained by mixing the Ch100% and Qu100% powders to 

give the following: 

Qu:Ch ratios: 

1:1 (Qu50%–Ch50%); 

1:3 (Qu25%–Ch75%); 

3:1 (Qu75%–Ch25%). 
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2.2 Total Antioxidant Capacity – ABTS Assay 

Antioxidant capacity (AOX) was determined in Ch100%, Qu100%, Qu75%–Ch25%, 

Qu50%–Ch50% and Qu25%–Ch75% samples (100mg/mL) following Re et al. (1999) 

[18] with modifications. Trolox stock solution (2.5 mM in distilled water) was used to 

produce the standard curve. A solution of 2,20-azinobis (3-ethylbenzothiazoline 6-

sulfonic acid) (ABTS) (7 mM) was prepared with potassium persulfate (140 mM) in 

distilled water and left to react in the dark for 12–16 h to produce the ABTS•+ solution. 

For the study of AOX capacity, the ABTS•+ solution was diluted with phosphate 

phosphate-buffered saline, pH 7.4, (PBS) to obtain an absorbance of 0.70 (±0.02) at 734 

nm and equilibrated at 30 °C. A volume of 20 µL of the sample or Trolox standard was 

mixed with 2 mL of ABTS•+ working solution and incubated in the dark for 6 min at 

room temperature before measuring absorbance at 734 nm on a spectrophotometer (V-

630 UV-VIS Spectrophotometer, JASCO, Germany). Solvent blanks were included in 

each assay. The percentage inhibition of absorbance at 734 nm was calculated and 

plotted as a function of the concentration of Trolox standard curve. AOX results were 

expressed as µmol Trolox equivalents (TE)/g extract. 

 

2.3 E. coli Growth Inhibitory Activity  

The E. coli F4+ and F18+ growth inhibitory activity of Ch100%, Qu100% and 

Qu75%–Ch25%, Qu50%–Ch50% and Qu25%–Ch75% was evaluated for in vitro 

cultures of E. coli F4+ and F18+. Two ETEC strains, harbouring F4 (F4+) and F18 (F18+) 

adhesive fimbriae respectively, were obtained from IZSLER (Brescia, Italy). The 

bacteria were grown at 37 °C with shaking (150 rpm) in LB broth for 12 h prior to being 

used as inoculants for all experiments. F4+ and F18+ were characterized by PCR in 

terms of their virulence factors F4 and F18 (see the Supplementary Materials).  

Overnight-grown E. coli F4+ and F18+ were inoculated in tubes containing 15 mL 

of LB medium supplemented with 0, 200, 400, 600, 800, and 1200 µg/mL of each tannin. 

Prior to inoculation, the bacterial cultures were adjusted to identical densities by 

spectrophotometry (600 nm) across the two strains. All tubes were incubated 

aerobically with shaking (150 rpm) at 37 °C.  

The bacterial growth was determined via measurement of the optical density of 

each culture at 600 nm (OD600) at 60-min intervals in a spectrophotometer (V-630 UV-

VIS Spectrophotometer, JASCO, Germany). Bacterial-free tubes with equivalent 

concentrations of tannins were used as blanks to subtract the background turbidity 

caused by tannin-protein interactions [19]. 

All data obtained from the optical density evaluation were converted to log-

transformed based cell count (CFU/mL) by a calibration curve, obtained by monitoring 
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the E. coli F4+ and F18+ growth over time, in the same experimental conditions, using 

the classic plate counting method (data not shown) [20]. 

 

2.4. Determination of Minimal Inhibitory Concentration (MICs) and Minimal Bactericidal 

Concentration (MBC) 

Minimum inhibitory concentrations were determined in 96-well microplates by 

preparing a gradient of tannin solutions (ranging from 10 mg/mL to 0 mg/mL). Briefly, 

100 µL of the tannin solutions, 100 µL of LB broth and 10 µL of an E. coli culture 

(approximately 106 CFU/mL) were inoculated in each well of the plate, except for the 

blank wells, and incubated at 37 °C for 18 h. Bacterial growth was determined by the 

change in absorbance after reading the microplates at 600 nm in a spectrophotometer 

reader (BioRAD). The MIC was defined as the lowest tannin concentration that did not 

produce turbidity by comparison with tannin-free control (0 mg/mL) [21]. The 

experiment was repeated three times and the results were expressed as average values. 

In vitro bactericidal analyses were conducted with 0, 6, 7, 8, 9, and 10 mg/mL of 

Ch100%, Qu100%, Qu75%–Ch25%, Qu50%–Ch50%, and Qu25%–Ch75% at 24 h 

incubation in LB medium. Samples taken from all cultures were serially diluted (10-

fold increments) in a sterile physiological solution. Dilutions were plated on LB agar 

and incubated overnight at 37 °C. Colonies grown on agar plates were directly counted 

after 24 h of incubation. The percentage bactericidal effect was calculated from the 

control vs. mg of tannins per mL. The lowest tannin concentration that did not yield 

any colony growth after 24-h incubation was designed as the minimum bactericidal 

concentration (MBC) [22]. 

 

2.5. Chestnut and Quebracho Tannins In Vitro Digestion and Calculation of Digestibility 

Based on antimicrobial and antioxidant results obtained in tannin water extracts, 

we investigated the E. coli growth inhibitory and antioxidant activities of Ch100%, 

Qu100%, and Qu50%–Ch50% after in vitro digestion. The digestion was performed 

according to the method set up and validated by Minekus et al. [23], and further 

adapted by our group [24,25].  

Briefly, 20 g of each tannin powder (Ch100%, Qu100%, and Qu50%–Ch50%) was 

mixed with 150 mL of distilled H2O and kept on an orbital shaker at 150 rpm for 5 min. 

The digestion procedure involved three phases. For the oral phase, 6.66 mg α-amylase 

in 2.1 mL of 1 mM CaCl2, pH 7 was added to the samples which were then incubated 

for 30 min at 37 °C on a shaker. For the gastric phase, the pH was decreased to 2 with 

6 M HCl and 0.9 g of pepsin was added in 8.3 mL of 0.1 M HCl. The samples were then 

incubated for 120 min at 37 °C on a shaker. For the small intestinal phase, the pH was 
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increased to 7 with 6 M NaOH and 0.2 mg pancreatin and 1.2 g bile in NaHCO3 0.5 M 

were added to the samples before carrying out the final incubation of 180 min at 37 °C 

on a shaker. 

A blank sample (enzymes of the digestion alone), along with a positive and 

negative control were included as reference samples in all the digestions performed (n 

= 3). 

At the end of digestion, the total digesta obtained was transferred to a 3-kDa cut-

off membrane (Vivaspin 20, Sartorius, Göttingen, Germany). Each filter was 

previously activated with 0.1% BSA solution. Samples were centrifuged for 20 min at 

3500× g (5 °C). Aliquots from the filtrate were sampled and snap-frozen in liquid 

nitrogen to stop enzyme activity, before storing at -80 °C for further experiments. 

The undigested fraction was collected and used to calculate in vitro digestibility 

as detailed by Castrica et al. [24]. 

 

2.6. Antioxidant and E. coli Growth Inhibitory Activities of In Vitro Digested Tannins 

Antioxidant and E. coli F4+ and F18+ growth inhibitory activity activities of 

physiological extracts of Ch100%, Qu100%, and Qu50%–Ch50% were performed as 

described above. 

 

2.7. Effects of In Vitro Digested Chestnut and Quebracho Tannins on Intestinal IPEC-J2 Cell 

Viability 

IPEC-J2 cells are intestinal porcine enterocytes isolated from the jejunum of a 

neonatal unsuckled piglet (ACC 701, DSMZ, Braunschweig, Germany). The IPEC-J2 

cell line is unique as it is derived from the small intestine and is not transformed nor 

tumorigenic in nature [26]. The IPEC-J2 cells were cultured in DMEM/F-12 mix 

(Dulbecco’s Modified Eagle Medium, Ham’s F-12 mixture) supplemented with 

HEPES, fetal bovine serum (FBS), penicillin/streptomycin and cultivated in a humid 

chamber at 37 °C with 5% CO2. All experiments were performed using IPEC-J2 cells 

within six cell passages (passages 16 to 22) to ensure reproducibility. 

IPEC-J2 cells were seeded at a density of 1.5–2 × 105 cells/mL in 96-well plates and 

cultured for 24 h. In addition, dose-response curves (cell viability) of in vitro digested 

Ch, Qu, and Qu50%–Ch50% were performed on IPEC-J2 cells based on preliminary 

experiments on bacteria (0–1200 µg/mL) obtained in previous experiments. Cell 

viability was determined after three hours of tannin treatment by a colorimetric 

proliferation assay (MTT test) in accordance with the manufacturer’s instructions.  

In a second set of experiments, IPEC-J2 cells at sub-confluence were pre-treated 

with Ch, Qu, and Qu50%–Ch50% for three hours, and further challenged with H2O2 or 
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with DSS to induce chemical stress in the cell culture. Hydrogen peroxide was applied 

at a concentration of 0.5 mM for 1-h incubation. DSS at a concentration of 2% was 

applied for 24 h. Time and doses of H2O2 incubation were based on preliminary data 

and on the literature [27]. Time and doses of DSS incubation were based on our 

preliminary study, where IC50 was calculated for IPEC-J2 cells [28]. 

 

2.8. Statistical Analysis 

Statistical analysis was performed using GraphPad-Prism 8. E. coli growth data 

(OD600) were log10 transformed prior to statistical analysis. E. coli growth data were 

subjected to analysis of variance using the MIXED procedure. The model included the 

fixed effects of treatments (Ch100%, Qu100%, Qu75%–Ch25%, Qu50%–Ch50%, and 

Qu25%–Ch75%), time and time x treatment. One-way ANOVA was used to analyse 

antioxidant and cell viability data. The differences between means were compared 

using Tukey’s test and considered statistically significant at p < 0.05. Data are 

presented as least square means ± SEM. 

 

3. Results 

3.1. Antioxidant and E. coli F4+ and F18+ Growth Inhibitory Activity of Chestnut and 

Quebracho Tannin Water Extracts 

3.1.1. Total Antioxidant Capacity—ABTS Assay 

Chestnut and Qu tannin extracts showed an antioxidant (AOX) capacity. Among 

the tested samples, Qu25%–Ch75% showed the highest AOX capacity (6860 ± 121.9 

µmol TE/g tannin powder). Ch100% exhibited higher AOX compared with Qu100% 

(5243.33 ± 113.1 vs. 3164.81 ± 166.2 µmol TE/g), which showed the lowest AOX capacity 

compared with all the other samples tested (Figure 1). The AOX capacity of Ch100% 

and Qu50%–Ch50% was comparable (p > 0.05). Trolox at a concentration of 2000 µM 

was included as an internal control and showed an AOX capacity of 1.828 µmol TE/g. 
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Figure 1.  Ch75% (100 mg/mL). Data are presented as lsmeans ± SEM (n = 3). The different superscript 

letters indicate a significant difference at p < 0.05 (one-way ANOVA). 2000 μM Trolox was included as 

an internal control. 

 

 

3.1.2. E. coli Growth Inhibitory Activity 

The growth of E. coli F4+ and F18+ strains was tested in the absence or presence of 

different concentrations (0–1200 μg/mL) of Ch and Qu tannin extracts (see 

Supplementary Figure S2). In general, a dose-dependent effect was observed at each 

time point for both Ch and Qu treatments, for which, the maximum growth inhibition 

was observed at a concentration of 1200 μg/mL. Based on this result and on previous 

unpublished data on the synergistic effect of tannin extracts, we therefore compared 

the effects of Qu, Ch and of different combinations of Ch and Qu (Qu75%–Ch25%, 

Qu50%–Ch50%, and Qu25%–Ch75%) at a concentration of 1200 μg/mL (Figure 2) in E. 

coli F4+ and F18+. Generally, in both F4+ and F18+ the combined use of Ch and Qu 

showed a synergistic activity in the inhibition of F4+ and F18+ growth. Overall, the 

combinations with the highest Ch concentration (Qu50%–Ch50% and Qu25%–Ch75%) 

were the most effective (Figure 2). 
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Figure 2. Effects of 1200 µg/mL of Qu (Qu100%), Ch (Ch100%), Qu75%–Ch25%, Qu50%–Ch50%, and 

Qu25%–Ch75% on E. coli F4+ and F18+ growth over time (T). Data are expressed as log10 CFU/mL 

lsmeans ± S.E.M. (n = 3, mixed ANOVA). Different superscript letters indicate significant differences at 

p < 0.05 among different concentrations within the same time point. 

 

3.1.3. Determination of Minimal Inhibitory Concentrations (MICs) and Minimal 

Bactericidal Concentration (MBC) 

The minimal inhibitory concentration (MIC) and minimal bactericidal 

concentration (MBC) of Qu and Ch tannins and of their combinations were calculated 

in E. coli F4+ and F18+ (Table 2). Data showed a similar bactericidal activity of both Ch 

and Qu, in particular in tannin combinations. The bactericidal effects of 6 mg/mL of 

Qu and Ch tannins was partial (55–62% for F4+ and 50–60% for F18+) after 24 h of 

incubation. In contrast, there was a complete bactericidal effect when Ch and Qu were 

evaluated, after 24 h of incubation, at a concentration of 9 mg/mL for E. coli F4+ and 8 

mg/mL for E. coli F18+ (Table 2). 

 
Table 2. The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of 

Qu and chestnut tannins on E. coli F4+ and F18+. 

Bacteria MIC (mg/mL) MBC (mg/mL) 

 Qu100% Ch100% Qu75%-

Ch25% 

Qu50%-

Ch50% 

Qu25%-

Ch75% 

Qu100% Ch100% Qu75%-

Ch25% 

Qu50%-

Ch50% 

Qu25%-

Ch75% 

E. coli F4+ 6 7 6 6 6 9 9 8 8 8 

E. coli F18+ 6 7 6 6 6 8 8 8 8 8 
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3.2. Antioxidant and E. coli Growth Inhibitory Activities of In Vitro Digested Chestnut and 

Quebracho Tannin 

Qu100%, Ch100%, and Qu50%-Ch50% were in vitro digested and subsequently 

tested for their antioxidant, E. coli growth and cytomodulatory activity in IPEC-J2 cells. 

The combination Qu50%-Ch50% was also tested on IPEC-J2 cells subjected to stress 

chemically induced by H2O2 and DSS. The in vitro digestion enabled the digestibility 

values to be calculated for Ch and Qu, which corresponded to 66.16% (of DM) and 

71.93% (of DM) for Ch and Qu, respectively. 

3.2.1. Total Antioxidant Capacity – ABTS Assay  

Physiological extracts of Ch and Qu tannins showed 2433.33 ± 114. 15 and 1944. 81 ± 

151.95 µmol TE/g. Physiological extracts of Qu50%–Ch50% showed an AOX of 2434.76 

± 211.80 µmol TE/g (Figure 3). 

 

 
Figure 3. Antioxidant capacity of in vitro digested Ch100%, Qu100% and Qu50%–Ch50%. Data are 

presented as lsmeans ± SEM (n = 3). The different superscript letters indicate a significant difference at 

p < 0.05 (one-way ANOVA). 2000 µM Trolox was included as an internal control. 

 

3.2.2. E. coli Growth Inhibitory Activity 

The activity of Ch, Qu, and Qu50%–Ch50% on E. coli growth was further tested after 

in vitro digestion (Figure 4). 
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Figure 4. Effects of 1200 µg/mL of Ch 100%, Qu 100%, and Qu50%–Ch50% after in vitro digestion on E. 

coli F4+ and F18+ growth over time. Data are expressed as log10 CFU/mL lsmeans ± S.E.M. (n = 3, mixed 

ANOVA). Different superscript letters indicate significant differences at p < 0.05 among different 

concentrations within the same timepoint. 
 

The E. coli growth inhibitory activity of Qu on was significantly higher compared 

to all other treatments from T1 to T6 (p < 0.05) for F4+, but was significantly higher 

compared to all other treatments from T2 to T6 (p < 0.05) for F18+. Qu50%–Ch50% 

activity was significantly higher from T2 to T6 for F4+ compared with the control, and 

was significantly higher (p < 0.05) from T1 to T4 for F18+. Ch, however, did not show 

a significant E. coli growth inhibitory activity after in vitro digestion. 

 

3.2.3. Effect of In Vitro Digested Chestnut and Quebracho Tannin Extracts on IPEC-J2 

Cells Chemically Challenged with H2O2 and DSS 

The in vitro digested Qu, Ch, and Qu50%-Ch50% were also tested for swine 

intestinal epithelial IPEC-J2 to determine whether tannins also affect the viability of 

the cells. Dose-response curves with several concentration of in vitro digested Qu, Ch, 

and Qu50%-Ch50% tannins were tested on IPEC-J2 cells and the viability was assessed 

after three hours of incubation (Figure 5). 
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Figure 5. Effect of different concentrations (0-1200 µg/mL) of in vitro digested Qu50%-Ch50% on IPEC-

J2 cell metabolic activity (expressed as cell viability, MTT assay). Data are expressed as lsmeans ± SEM 

(n = 3, one-way ANOVA). * indicates significant differences at p < 0.05 compared to respective control 

wells (0 µg/mL). 

 

The results showed that at the highest concentrations of in vitro digested Ch, Qu and 

Qu50%-Ch50% tested (1200-600 µg/mL), IPEC-J2 cell viability was significantly 

reduced compared with 0 µg/mL; at a concentration of 400 µg/m, Qu50%-Ch50% 

significantly increased IPEC-J2 cell viability, Ch and Qu reduced cell viability (p < 

0.05). At the lowest concentrations tested (200-50 µg/mL), IPEC-J2 cell viability was 

unaltered or increased by Ch and Qu treatment and was significantly increased by 

Qu50%-Ch50% treatment (Figure 5). Qu50%-Ch50% was the most effective treatment 

and stimulated IPEC-J2 cell viability after three hours of incubation. Based on the 

trophic effect observed in IPEC-J2 cells treated with in vitro digested Qu50%-Ch50%, 

this combination was chose for the cell-challenging experiments.  

We also tested the trophic effect of Qu50%-Ch50% on IPEC-J2 cells previously stressed 

with H2O2 or DSS. In particular, IPEC-J2 cells were pre-treated for three hours with in 

vitro digested Qu50%-Ch50% at different concentrations (50-1200 µg/mL) and further 

challenged with H2O2 for 1 h or with DSS for 24 h, to stimulate in vitro conditions of 

oxidative and inflammatory stress at the level of intestinal cell epithelium.  

In the DSS-challenged IPEC-J2 cells (Figure 6a), the lowest concentrations of Qu50%-

Ch50% (50-400 µg/mL) significantly counteracted DSS-induced stress by increasing 

cell viability. However, at concentrations from 600-1200 µg/mL Qu50%-Ch50% did not 

counteract DSS-induced stress. 
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Figure 6. Cont. 

 

 

 
Figure 6. Effect of 3-h pre-treatment with different concentrations (50–1200 µg/mL) of in vitro digested 

Qu50%–Ch50% on IPEC-J2 cells further stressed with 2% DSS for 24 h (a) or 0.5 mM of hydrogen 

peroxide (H2O2) (b) on the metabolic activity (expressed as cell viability, MTT assay). Data are expressed 

as lsmeans ± SEM (n = 3, one-way ANOVA). * Denote significant differences (p < 0.05). 
 

In the H2O2 -challenged IPEC-J2 cells (Figure 6b), the 3-h pre-treatment with Qu50%–

Ch50% mitigated the oxidative stress experimentally induced by increasing cell 

viability. In particular, Qu50%–Ch50% at the highest concentrations tested (1200–200 

µg/mL) significantly counteracted the stress induced by 0.5 mM of H2O2. 
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4. Discussion 

The principal objectives of this study were to assess the AOX capacity and E. coli 

growth inhibitory activity of Qu, Ch, and their mixtures after solubilization in water 

and after in vitro digestion. We also aimed to determine whether tannin digests have 

a trophic effect on swine intestinal epithelial IPEC-J2 cell viability.  

The AOX capacity results from our study revealed that Ch and Qu25%–Ch75% 

showed the highest AOX capacity compared with Qu and with all the other tannin 

mixtures. In the combined samples, the presence of Ch dose-dependently increased 

the AOX capacity and the combination of high doses of Ch (75%) with low doses of 

Qu (25%) showed the highest AOX effect. Comparing our data with those reported by 

Pèrez-Burillo et al. [29,30], our samples showed an over 30-fold higher antioxidant 

capacity than the conventional food and feed ingredients analysed in their study. The 

high reducing capacity of Ch and Qu could be attributed to the high concentration of 

phenolic compounds in tannin extracts. On the other hand, in vitro digested Ch and 

Qu50%–Ch50% showed a higher antioxidant activity compared to Qu. Our data are in 

line with those of Molino et al. [31] who reported a higher antioxidant activity for Ch 

(8.16 mmol Trolox/g) compared with Qu (6.70 mmol Trolox/g) after in vitro digestion. 

In general, compared to our results, they reported higher values of antioxidant 

capacity in their samples, which may be due to the different methodology used for 

antioxidant evaluation (GAR method) and the different in vitro digestion protocol used 

in their study.  

Our E. coli growth inhibitory activity results demonstrated that Ch and Qu 

tannins, at specific concentrations and time, inhibit the growth of E. coli F4+ and F18+ 

in vitro. The Ch rapidly (from T1) became effective, while Qu seemed to exhibit a stable 

growth inhibitory activity only after three hours of incubation with E. coli. However, 

Qu E. coli growth inhibitory activity was maintained until the end of our analysis (6 

h). 

These results suggest that the rapid effect of Ch observed was associated with 

the more prolonged effect of Qu. Generally, under our culture conditions, the 

combined use of Ch and Qu had a synergistic activity in the inhibition of F4+ and F18+ 

growth. Overall, the combinations with the highest Ch concentration (Qu50%–Ch50% 

and Qu25%–Ch75%) were the most effective. However, we selected the combination 

Qu50%–Ch50% for further analysis as it represents a balance of Ch and Qu in which 

the faster activity of Ch and the more prolonged activity of Qu over time are combined. 

In addition, the E. coli growth inhibitory activity of Qu and of Qu50%–Ch50% 

against F4+ and F18+ was maintained after in vitro digestion, thus highlighting the 

possible bio-accessibility of the antimicrobial compounds in these samples. However, 
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the E. coli growth inhibitory activity of Ch was not maintained after digestion, which 

may be due to a lower bio-accessibility or to the excessive degradation of antimicrobial 

and antioxidant molecules in our experimental conditions.  

The E. coli growth inhibitory activity of Ch and Qu has been evaluated in several 

studies. Min et al. [19] demonstrated that chestnut and mimosa tannins have growth-

inhibitory and bactericidal effects in vitro against E. coli O157:H7, and chestnut tannins 

showed a higher bactericidal activity. Elizondo et al. [32] found that the antibacterial 

and antioxidant activities of Ch added to Qu tannin were higher than pure Qu but 

lower than Ch tannin alone. They concluded that although Ch tannin is more potent 

than Qu tannin, the Qu activity may remain longer in the gastrointestinal tract because 

of their rich condensed tannin composition. This latter point was corroborated by our 

results.  

In fact, tannins can inhibit the growth of some pathogenic bacterial species (e.g., 

E. coli) without affecting the physiological growth and proliferation of probiotic lactic 

acid bacteria, which have a positive effect at the intestinal level [33]. This selective 

effect may be an advantage in the use of tannins in feed. The E. coli growth inhibition 

and AOX capacity of tannins may be due to the high levels of phenols in the extracts. 

In our experimental conditions, these functional activities were often maintained after 

digestion. However, these data need to be confirmed in further in vitro digestion tests 

and after total phenolic compound analysis in the digesta.  

We also tested in vitro digested Qu, Ch and Qu50%–Ch50% on swine IPEC-J2 cell 

viability to determine whether E. coli growth inhibitory concentrations also affect the 

viability of the intestinal cells. Qu50%–Ch50% was the most effective in stimulating 

cell viability when administered at low concentrations. It showed a trophic effect on 

IPEC-J2 cells, and was therefore, used for the cell-challenging experiments.  

We found that a pre-treatment of three hours with Qu50%–Ch50% mitigated the 

mild oxidative and inflammatory stress experimentally induced in IPEC-J2 cells. This 

thus highlights the potential of tannins in preventing oxidative and inflammatory 

conditions at the intestinal level. However, the possibility that the lowest 

concentrations of tannins were effective in the DSS challenge, while only the highest 

concentrations were effective in counteracting oxidative challenge (H2O2) still needs to 

be investigated. We suggest that the combined treatment of IPEC-J2 cells with tannins 

and H2O2 versus tannins and DSS may show a different behaviour and synergism. A 

limited number of studies have investigated the ability of tannins to affect intestinal 

cell proliferation. Brus et al. [34] reported that low doses of gallic acid increased the 

proliferation of IPEC-J2 cells, thus highlighting the possible role of gallic acid in the 

recovery of small intestinal epithelium in swine. The same group reported the ability 

of several commercial products containing tannins in stimulating the proliferation of 
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IPEC-J2 and Caco-2 cells, although at lower doses compared to our study. They also 

reported [35] that a water-soluble form of Ch tannin exerted beneficial effects on the 

small intestinal epithelial cells of chickens by stimulating the proliferation of 

enterocytes and increasing the antioxidant potential, with no adverse effects on 

cellular metabolism. Cell models of the intestine are useful as in vitro tools for assessing 

feed and food ingredients [36–39] as they represent a simplified version of the in vivo 

intestinal environment. For the safe use of tannin-based additives in feed and food, in 

vitro animal cell models can be used as a cheap and practical alternative to animal 

experiments to estimate the optimal dosage for further practical use. 

We believe that our results corroborate the potential beneficial use of Ch and 

Qu, in particular in combination, in the animal diet as antimicrobial and antioxidant 

agents. In addition, they have a trophic effect on intestinal epithelial cells. 

 

5. Conclusions  

Our data demonstrate the ability of quebracho and chestnut tannin to exert 

antioxidant activity and E. coli growth inhibitory activity against ETEC F4+ and F18+, 

together with cyto-protective activity on swine intestinal epithelial cells at specific 

doses. After in vitro digestion, chestnut and quebracho showed an antioxidant capacity 

and above all quebracho maintained its E. coli growth inhibitory activity. Our data 

clearly demonstrate that although chestnut and quebracho had a higher E. coli growth 

inhibitory effect when administered at a high dosage, they have a trophic effect on the 

intestinal cell epithelium also when used at lower dosages. Based on our findings from 

IPEC-J2 culture, we conclude that a balanced combination of tannins (1:1) at specific 

dosages may produce a protective and stimulating effect on cell proliferation rather 

than a cytotoxic effect. 

Besides suggesting the combined use of chestnut and quebracho as a strategy to 

maximize the inner functional effects of such compounds, our findings also indicate 

that the actual dosage of tannins may be key in determining their effect on bacteria 

and cells. Our data provide the basis for further in vivo studies aimed at optimizing 

the use of tannins as functional feed and food ingredients. 

 

Supplementary Materials: The following are available online at 

http://www.mdpi.com/2076-2615/10/2/195/s1, Table S1: PCR primer’s conditions, 

Figure S1: PCR gel electrophoresis, Figure S2: Effects of (0–1200 µg/mL) of Ch and Qu 

tannin extracts on E. coli F4+ and F18+ growth over time (T). 
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Brief Introduction to the Study: 

This preliminary study was fundamental for showing encouraging results, which led 

to the further in vivo evaluation of the two probiotic strains considered in this paper in 

pigs. In addition, the importance of the study relies on the use of alternative methods 

to animal experimentation to assess the probiotic characteristics in order to predict the 

efficacy of bacterial strains in vivo without the use of animals according to the 3R 

principles on animal experimentation. The evaluation of L. plantarum and L. reuteri 

strains made possible to underline their main probiotic capacities using several in vitro 

techniques. The study demonstrated the importance of surface proteins in adhesive 

ability and pathogens’ competition capacity of L. plantarum and L. retueri highlighting 

their potential dietary supplementation for promoting proper intestinal eubiosis in the 

host. The study was fundamental for its propaedeutic before the in vivo evaluation of 

the following microbial strains, demonstrating their potential as probiotic species for 

pig nutrition. In addition, the study highlighted the adhesive capacities of L. reuteri 

and L. plantarum without the use of animals in line with the reduction principle of 

animal experimentation. 

 

3.3 Evaluation of Adhesive Characteristics of L. plantarum and L. 

reuteri Isolated from Weaned Piglets 
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Abstract: Limosilactobacillus reuteri and Lactiplantibacillus plantarum strains, previously 

isolated from weaned piglets, were considered for the evaluation of their adhesive 

characteristics. Lactobacilli were treated with LiCl in order to remove the surface 

protein layer, and probiotic activity was compared with those of untreated strains. The 

autoaggregation, co-aggregation to E. coli F18+, and adhesive abilities of LiCl-treated 

Limosilactobacillus reuteri and Lactiplantibacillus plantarum were significantly inhibited 

(p < 0.05) compared with the respective untreated strain. The hydrophobic and basic 

phenotypes were observed due to the strong affinity to chloroform and low adherence 

to ethyl acetate. In particular, L. plantarum showed higher hydrophobicity compared 

to L. reuteri, which may reflect their different colonizing ability. After treatment with 

LiCl to remove surface proteins, the adherence capabilities of L. reuteri and L. casei on 

IPEC-J2 cells decreased significantly (p < 0.001) and L. reuteri adhered more frequently. 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) showed 

that both L. reuteri and L. plantarum had several bands ranging from 20 to 100 kDa. 

Two-dimensional gel electrophoresis showed an acidic profile of the surface-layer 

polypeptides for both bacterial strains, and more studies are needed to characterize 

their profile and functions. The results confirm the pivotal role of surface proteins in 

the probiotic potential of L. reuteri and L. plantarum. 

Keywords: probiotic; surface proteins; intestinal adhesion; gastro-intestinal system; E. 

coli; F18; pig; Lactobacillus plantarum; Lactobacillus reuteri; IPEC-J2 

 

1. Introduction 

Lactobacilli are part of the common flora in the porcine digestive tract [1]. Niu et al. [2] 

showed that the Lactobacillus genus accounts for approximately 15% of 16S rRNA in 

intestinal pig samples, regardless of age. Notably, while the swine faecal microbiota 

changed significantly across growth stages, the populations of lactobacilli remain 

almost stable. 

Although several studies have shown the positive impact of Limosilactobacillus reuteri 

and Lactiplantibacillus plantarum, previously known as the Lactobacillus genus, on 

piglet’s performance improvement, diarrhoea prevention, stress alleviation, 

immunity, microbiota modulation, and carcass quality [3,4], they are not listed in the 

European register of additives for pigs. Moreover, the species- and strain-specific 

characteristics of lactobacilli that confer probiotic benefits are still not well-

documented. Indeed, L. plantarum can be found in the European Register of Feed 

Additives according to European Regulation [5], under the categories of preservatives, 

silage additives, microorganisms, and gut flora stabilizers for fattening chickens. On 

the other hand, L. reuteri is mostly used as a probiotic in humans. Lactobacilli are 
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generally selected as potential probiotics due to their natural ability to survive the 

digestive process. After the arrival in the intestinal section, lactobacilli can protect the 

host from pathogens by means of different mechanisms (competitive exclusion, 

bacteriocins production and stimulation of mucosal immunity) [6,7]. The adhesive 

capacity of bacteria to epithelial cells is one of the main probiotic characteristics [8]. 

The lactobacilli are Gram-positive bacteria characterized by a cell envelope consisting 

of a cell membrane and cell wall. These two layers are covered by several surface 

proteins, with the main function being as a protective sheath against environmental 

challenges. It has been previously proposed that bacteria surface proteins of 

lactobacilli are involved in cell protection and surface recognition and that they could 

be potential mediators of bacteria autoaggregation and adhesion to intestinal cells [9]. 

L. reuteri and L. plantarum were previously demonstrated to have a significant role in 

controlling diarrhoea in piglets [10]. In particular, dietary supplementation of 2 × 108 

CFU/g of L. plantarum and L. reuteri significantly reduced diarrhoea occurrence and 

had the lowest faecal score in our trial. L. plantarum showed the lowest diarrhoea 

frequency compared to the other bacterial strains and their combinations. L. plantarum 

and L. reuteri supplementation did not influence animal performance, total faecal 

bacteria, faecal lactobacilli and coliform. In addition, L. plantarum and L. reuteri showed 

high resistance to a wide range of pH and digestive processes [10]. In our attempt to 

study the adhesive characteristics in the probiotic activity of L. reuteri and L. plantarum, 

we investigated Limosilactobacillus reuteri and Lactiplantibacillus plantarum 

autoaggregation, co-aggregation capacity to Escherichia coli F18+, bacterial 

hydrophobicity, adhesion to swine intestinal IPEC-J2 cells and cell surface proteins 

characteristics. 

 

2. Materials and Methods 

2.1. Bacterial Strains and Culturing Conditions 

Single colonies of L. plantarum and L. reuteri, isolated from swine, were obtained from 

the Biotecnologie B.T. (Perugia, Italy) strain collection [10] and grown in MRS agar 

medium. L. plantarum and L. reuteri strains were individually inoculated from our 

laboratory stock at −80 °C into the De Man, Rogosa and Sharpe (MRS) medium 

(Liofilchem, Italy) and incubated at 35 °C for 24 h under a microaerophilic atmosphere 

by adding sterile oil above the culture media. 

 

2.2. Aggregative Abilities of LAB Strains 

Lactobacilli were cultured in MRS broth at 35 °C for 24 h under a microaerophilic 

atmosphere by adding sterile oil above the culture media. Bacterial pellets were 

harvested by centrifugation (3500 rpm, 10 min), and cells were rinsed with PBS (1X) in 

order to reach an optical density (OD) of 0.2–0.3 at 600 nm wavelength using a 

spectrophotometer (Jasco V630 UV-VIS, JASCO Deutschland GmbH, Pfungstadt, 

Germany). Cell suspensions were vortexed for 6 s and incubated 6 h at room 
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temperature. On millilitre of the upper part of the suspension was measured at 600 nm 

each hour. The percentage of auto-aggregation was then calculated. 

% 𝑎𝑢𝑡𝑜𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 = [1 − (
At

A0
)] × 100 

where At is the absorbance at different time points and A0 the initial one. 

For co-aggregation abilities, resuspended LAB strains were mixed with aliquots of 

F18+ E. coli previously characterized for the presence of F18 adhesive fimbriae [11]. 

The E. coli culture was obtained by incubating the bacterial strain at 37 °C in Luria–

Bertani medium under aerophilic conditions, and to left stir overnight at 110 rpm. 

Samples were mixed thoroughly for 10 s and incubated for 6 h at room temperature. 

One millilitre of the upper part of the suspension was measured at 600 nm each hour. 

The co-aggregation percentage was then calculated. 

% coaggregation =  { 
[(

Ax + Ay
2 ) − A (x + y)]

Ax + Ay/2
 } × 100 

Ax and Ay indicate the individual proprieties of lactobacilli and E. coli, and A(x+y) 

express the combined aggregation of L. plantarum or L. reuteri and E. coli. The whole 

analyses were performed in two independent experiments including three replicates. 

 

2.3. Determination of Bacterial Hydrophobicity 

Microbial adhesion to solvents (MATS) was assessed according to Kos et al. [12]. 

Briefly, bacteria were harvested from the stationary phase after centrifugation (5000× 

g for 15 min). Samples were washed twice and resuspended in PBS (1X, pH 7.0) and 

brought to OD 0.6 at 600 nm. For the assay, 1 mL of the solvent was added to 3 mL of 

the bacterial suspension. After 10 min as preincubation at room temperature, samples 

were mixed for 2 min. After 20 min, the aqueous phase was removed to measure the 

OD at 600 nm (A1). The percentage of bacterial surface hydrophobicity was then 

calculated. 

(
Absorbance before mixing − Absorbance after mixing

Absorbance before mixing
) × 100 

 

For the evaluation of surface hydrophobicity, three solvents were tested: toluene 

(Titolchimica, Italy) as the apolar solvent; chloroform (Merck, Darmastadt, Germany) 

as monopolar basic and acidic solvent; and ethyl acetate (Carlo Erba Reagents S.A.S, 

Milan, Italy) as monopolar basic solvent [13]. The whole analyses were performed in 

two independent experiments including three replicates. 

 

2.4. Cell Line and Culture Conditions 
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IPEC-J2 is a non-transformed cell line, derived from the jejunum epithelium of 

unsuckled piglets (DSMZ, Braunschweig, Germany). Cells used for the experiment 

were defrosted from a cryopreserved stock and cell passages of 24–28 were used for 

the experiments. Cells were routinely grown in a total volume of 100 mL of 1:1 of 

Dulbecco’s modified Eagle’s medium with stable L-glutamate and Ham’s F-12 mixture 

(DMEM/F12) (Immunological sciences, Società Italiana Chimici, Rome, Italy), plus 15 

mM of HEPES (Sigma-Aldrich, Milano, Italy), 5% heat-inactivated foetal bovine serum 

(FBS) (Immunological sciences, Società Italiana Chimici, Rome, Italy), 1% penicillin 

(100 U/mL)/streptomycin (100 mg/mL) (Euroclone, Milano, Italy) and 1% GlutaMAX 

at 37 °C in a 5% CO2 atmosphere and subcultivated at 80% confluence. For adhesion 

assay, IPEC-J2 monolayers were prepared in a 2-well chamber slides system coated 

with collagen. After collagen coating, the cells were seeded at a concentration of 4 × 

105 cells/chamber to reach 80% confluence before lactobacilli addition. 

 

2.5. Bacterial Adhesion Assay 

Two-well chamber slides were used to study the adhesion ability of L. plantarum, L. 

reuteri and L. casei ATCC 393 (reference strain) to IPEC-J2 cells. Two millilitres of 48 h 

cultures of L. plantarum, L. reuteri and L. casei grown in 30 mL MRS broth (adjusted to 

2.3 × 108 CFU/mL) were centrifuged, washed, and resuspended in DMEM/F12 

medium. Before the experiments, the cell medium was removed and 1 mL of each 

bacterial suspension was added to one well of each chamber slide, while the other well 

was filled with 1 mL of each bacterial suspension after LiCl (5 M) treatment [14]. 

Briefly, the cell pellet was resuspended in LiCl (5 M) and incubated at room 

temperature for 30 min. Bacteria were centrifugated at 5000× g for 15 min, and the cell 

pellet was washed twice with sterile saline solution before being resuspended in the 

cell medium. After 1 h incubation in a 5% CO2 atmosphere, the chamber slides were 

washed twice with PBS (1X) with Ca and Mg, and a 15 min fixation step with 500 µL 

of MetOH was made. Then, GIEMSA staining was performed with the GIEMSA dye 

diluted at a ratio of 1:20 with PBS (1X) for 30 min. After washing with deionized water, 

the glasses were left to dry overnight. Cells and bacteria in a 20 microscopy field (100× 

magnification with oil immersion) were randomly counted; the bacteria adherent to at 

least 200 cells were counted. The analyses were performed in three independent 

experiments including at least two technical replicates per treatment. The bacterial 

adherence value was defined as the number of the adhered bacteria per cell [15]. Data 

are expressed as adherent bacteria/number of cells. 
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2.6. Isolation and One and Two-Dimensional Gel Electrophoresis of S-Layer Proteins from L. 

plantarum and L. reuteri 

S-layer proteins of lactobacilli were extracted by 5 M LiCl according to the method 

reported by Singh et al. [16]. Briefly, lactobacilli were incubated in 30 mL MRS at 35 °C 

in anaerobiosis conditions. Cells were collected and washed twice with sterile water. 

The pellet was treated with 5 M LiCl at 4 °C for 30 min. The supernatant was collected 

and dialyzed with PBS (1X) and concentrated. The extracted surface proteins were 

quantified using the Bradford method, with bovine serum albumin (BSA) as the 

standard [17]. For determination of the apparent molecular mass, SDS-PAGE was 

performed using a 10% (w/v) acrylamide gel in denaturing and reducing conditions. 

The gel was stained by Coomassie brilliant blue R-250 (Sigma, Saint Louis, Missouri, 

USA) and the intensity of bands was evaluated using ImageJ software. For two-

dimensional gel electrophoresis, 25 µg of extracted S-layer proteins were precipitated 

with cold ethanol (1:5 v/v) and incubated for 30 min in ice. The pellet was obtained by 

centrifugation at 4 °C for 36 min at 20,627 g (15,000 rpm) in an ALC A21-C rotor. 

Ethanol was removed and the pellet was resuspended with 2D 200 µL of rehydration 

buffer (8 M urea, 4% CHAPS, 65 mM dithioerythritol, 0.5% bromophenol blue) 

supplemented with 2% 3–10 IPG buffer and loaded onto 7-cm non-linear pH 3–10 

strips by overnight passive rehydration at room temperature. IEF was performed with 

Multifor II system (GE Healthcare, Chicago, IL, USA) according to Moscatelli et al. [18] 

(200 V for 1 h, 2000 V for 3 h and 3000 V for 3 h and 30 min). Focused strips were 

equilibrated in Buffer I (0.5 M TrisHCl, pH 6.8, 2% SDS, 6 M urea, 30% glycerol, 2% 

DTE) for 12 min and then for another 5 min in Buffer II (composition the same as Buffer 

I, but with 2.5% iodoacetamide instead of DTE) at room temperature. SDS-PAGE was 

run in 10% polyacrylamide gel (MiniVe Vertical Electrophoresis System, GE 

Healthcare, USA), as described previously [19]. The gels were silver-stained [20]. 

 

2.7. Statistical Analysis 

The statistical analyses were performed through the software GraphPad Prism 9.0.1. 

The results of the aggregation, co-aggregation, cell surface hydrophobicity and 

adhesion assay for both the species were analysed through a one-way analysis of 

variance (ANOVA) procedure. Pairwise comparisons were evaluated using Tukey’s 

HSD test. Differences were considered statistically significant at p ≤ 0.05. Data were 

expressed as the least squares (LS) means ± standard error of mean (SEM). 
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3. Results 

3.1. Aggregation Abilities 

The auto-and co-aggregation abilities of the L. plantarum and L. reuteri are 

summarized in Figures 1 and 2. After 6 h of incubation, the highest percentages of 

aggregation were observed for L. reuteri. Both strains demonstrated co-aggregation 

ability with intestinal pathogen tested (E. coli F18+). The maximum autoaggregation 

and co-aggregation were shown by L reuteri at 6 h (38.46 ± 0.49% and 11.60 ± 0.30%, 

respectively). The auto-aggregation and co-aggregation ability to E. coli F18+ of L. 

reuteri decreased significantly after LiCl treatment compared to the untreated strain 

(p < 0.05), while L. plantarum showed that LiCl treatment did not impair its co-

aggregation ability to E. coli (Figure 3). 

 

Figure 1. Percentages of autoaggregation measured at hourly bases. Data are presented as means ± 

standard deviations. 

 

Figure 2. Percentage of L. reuteri and L. plantarum aggregation and co-aggregation with E. coli F18 

measured at 6 h. Data are presented as LS mean ± SEM. ** indicates a statistically significant difference 

(p ≤ 0.001). 



  

97 
 

 

Figure 3. Effect of LiCl treatment on cell surface hydrophobicity of lactobacilli strains. Data are 

presented as LS means ± SEM. * Indicates a statistically significant difference (p ≤ 0.05); ** indicates a 

statistically significant difference (p ≤ 0.001). 

 

3.2. Determination of Bacterial Hydrophobicity 

In particular, L. plantarum and L. reuteri showed a significant decrease in bacteria 

in the aqueous phase after a chloroform treatment (82.83 ± 1.29% for untreated and 

49.65 ± 1.45% for chloroform treated L. plantarum; 86.17 ± 2.12 for untreated and 55.22 

± 1.25% for chloroform treated L. reuteri; p < 0.0001) (Figure 3). The same drop was 

registered in the aqueous phase with toluene treatment for both bacterial strains (19.20 

± 1.69% for untreated and 6.91 ± 1.76% for toluene treated L. plantarum; 5.47 ± 1.28% 

for untreated and 1.94 ± 0.21% for toluene treated L. reuteri; p < 0.05). 

 

3.3. Bacterial Adhesion Assay 

L. reuteri showed the greatest adhesion capacity compared with L. casei and L. 

plantarum (Figures 4 and 5). L. plantarum adhesion was not affected by the treatment 

with LiCl (14.64 ± 1.22 versus 11.04 ± 1.17). On the contrary, the treatment with LiCl 

significantly affected the adhesion capacity of L. reuteri and L. casei (p < 0.05). In 

particular, 16.77 ± 1.82 adherent bacteria/cell were counted in L. reuteri-treated cells 

while 8.63 ± 1.08 adherent bacteria/cell in L. reuteri + LiCl-treated cells. Regarding L. 

casei, 10.07 ± 1.02 adherent bacteria were counted in L. casei-treated cells whereas 5.14 

± 0.74 adherent bacteria in L. casei + LiCl-treated cells. 
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Figure 4. Adhesion of L. casei, L. plantarum and L. reuteri to IPEC-J2 cells. Representative 

microphotographs with 100× magnification (oil immersion). (a) L. casei; (b) L. casei + LiCl; (c) L. 

plantarum; (d) L. plantarum + LiCl; (e) L. reuteri; (f) L. reuteri + LiCl. Red arrows indicate lactobacilli 

strains; blue arrows indicate IPEC-J2 cells. 

 

Figure 5. Count of adherent bacteria to IPEC-J2 cells, data are expressed as the mean value of adherent 

bacteria/cell number ± SEM of three independent experiments. * Indicates a statistically significant 

difference (p ≤ 0.05); ** indicates a statistically significant difference (p ≤ 0.001). 
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3.4. One and Two-Dimensional Gel Electrophoresis of Surface Proteins from Lactobacilli 

Strains 

The extracted surface proteins resulted 1.478 µg/mL for L. plantarum and 0.970 

µg/mL for L. reuteri, respectively. 

One-dimensional denaturing gel revealed distinct protein bands, although quite 

qualitative differences in the intensity of bands of the surface proteins were observed 

(Figure S1). The observed polypeptides profile resulted in the range 20–100 kDa by 

comparison with the marker (Figure 6A). The two-dimensional gel electrophoresis did 

not show significant variations of protein spots between the two bacterial strains. The 

two-dimensional gel was mainly characterized by acid polypeptides ranging from 100 

to 10 kDa for L. plantarum and L. reuteri, and no clusters were detected (Figure 6B). 

 

 

Figure 6. (A) SDS-PAGE of surface proteins. Equal amount of volume (14 μL) of the extracted 

polypeptides were loaded to each well; from left to right: S-layer extracted from Lactobacillus reuteri; 

Molecular weight marker (kDa), S-layer extracted from Lactobacillus plantarum. (B) Two-

dimensional gel electrophoresis of S-layer polypeptides extracted from L. plantarum and L. reuteri. 

 

4. Discussion 

Alternatives to antibiotics are urgently needed due to the global concern 

regarding antibiotic resistance in livestock production systems [21–23]. 

Probiotics are defined as living microorganisms that can act in the treatment and 

prevention of infectious diseases when ingested in adequate amounts [24]. In 

particular, probiotic bacteria surface proteins have been demonstrated to intervene in 

cell protection and competitive adhesion against pathogens [9]. The presence of glyco-

proteinaceous material at the bacterial cell surface is responsible of a higher 
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hydrophobicity, whereas hydrophilic surfaces are associated with the presence of 

polysaccharides and affect the binding capabilities of probiotics [9]. In our study, a 

hydrophobic and basic phenotype of L. plantarum and L. reuteri was observed due to 

lactobacilli affinity to chloroform and ethyl acetate. In particular, L. plantarum showed 

higher hydrophobicity compared to L. reuteri, which may reflect their different 

colonizing ability. The values of MATS for toluene reflect the cell surface 

hydrophobicity or hydrophilicity capacities. Chloroform and ethyl acetate were used 

to assess their characteristics as electron donors (basic) and electron acceptors (acidic) 

of bacteria. In this study, the use of LiCl was adopted on probiotic cells to allow the 

selective and efficient removal of S-layer proteins. In particular, this step was carried 

out to evaluate the adhesive properties without surface proteins. Firstly, hydrophobic 

cell surfaces are reported for autoaggregation capacities that in some cases determine 

the intestinal colonization [25]. As expected, the treatment with LiCl strongly affected 

the hydrophobicity. The observed results suggest that L. plantarum and L. reuteri could 

potentially adhere to gut epithelium. 

Other important characteristics of a probiotic bacteria are the auto- and co-

aggregation capacity. The auto-aggregation is defined as the ability of cells of the same 

kind to self-adhere, and is recognized as an important predictive parameter for gut 

epithelium colonization as it allows bacteria to maintain a significant number of cells 

in the environmental niche [26]. Co-aggregation is defined as the binding of bacteria 

of diverse species (e.g., lactobacilli versus pathogens), and also evaluates the 

competitive inhibition capacity [26]. In fact, the formation of co-aggregates of 

lactobacilli with pathogens reduced pathogenic microorganisms’ ability to adhere to 

the intestinal epithelium [27]. In the present study, the auto-aggregation and co-

aggregation to E. coli F18+ capacity of L. plantarum and reuteri indicate that cell surface 

proteins could be associated with lactobacilli aggregation properties and to specific 

binding capabilities in the gastrointestinal tract. Moreover, co-aggregation has been 

recognized as an important factor in the establishment and maintenance of a non-

infectious gastrointestinal microflora. The observed co-aggregation with E. coli of L. 

reuteri and L. plantarum could suggest that lactobacilli constitute an important host-

defence mechanism against infection. This hypothesis was also confirmed by the in 

vivo results described by Dell’Anno et al. [10], that registered a significative reduction 

in diarrhoea occurrence in weaned piglets’ diets supplemented with the investigated 

L. plantarum and L. reuteri strains. In this study, we focused on Escherichia coli F18+, a 

widely spread porcine enterotoxigenic pathogen, responsible for important economic 

losses in the pig industry [28,29]. E. coli F18+ strain has the ability to adhere to the 

intestinal surface by F18 adhesive fimbriae, and it is considered a major pathogen 

involved in the post-weaning disease and oedema disease [30]. Our study suggests 
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that L. plantarum and L. reuteri can compete for adhesion with a pathogenic strain of E. 

coli through the formation of a barrier via auto-aggregation of by directly by co-

aggregation with E. coli. It is recognized that auto-aggregation ability is related to 

adhesive properties of bacterial strains [31]. 

IPEC-J2 cell model is commonly used to investigate lactobacilli strains adhesive 

capacities [32]. The porcine intestinal epithelial IPEC-J2 cell line provides an excellent 

in vitro model for probiotic adhesion studies [33]. IPEC-J2 have been largely studied to 

assess probiotic adhesive properties and the anti-inflammatory activity of probiotic 

strains [34]. As shown by Tallon et al. [35], different chemical pre-treatments may 

influence the adhesive capacities of bacteria depending on the surface proteins that are 

involved in the adhesion process. In line with the study of Singh et al. [9,16], the pre-

treatment with LiCl to remove cell surface proteins reduced the ability of L. reuteri to 

adhere to intestinal epithelium. On the contrary, L. plantarum was more resistant to 

LiCl treatment, probably due to the structural variations existing between the 

microorganism-associated molecular patterns which interact with the host pattern 

recognition receptors [36]. In this study, L. reuteri showed a higher adhesion ability 

compared to the behaviour of L. casei used as a control strain, in accordance with the 

study by Lähteinen et al. [37], which observed that L. reuteri isolates from the porcine 

intestine revealed the greatest adhesion capacity compared to other commensal 

lactobacilli in swine GIT (L. amylovorus, L. mucosae and L. johnsonii). In addition, specific 

strains of L. reuteri express different surface proteins capable of improving binding 

properties compared with a well-known probiotic such as L. casei [31,38–40]. Mucus 

binding abilities related to the production of mannose-sensitive adhesins have been 

reported for some L. plantarum and L. reuteri strains [25]. The observed adhesion 

properties could be due to the presence of mucus-binding proteins on cell surface of 

these two bacteria. 

In line with other studies, the SDS-PAGE of cell surface proteins of L. reuteri and 

L. plantarum revealed the presence of several bands of varying length if compared with 

the protein fragments of the marker in the range from 100 to 20 kDa [9,41]. Two-

dimensional gel electrophoresis confirmed the acidic prevalence of bacterial surface 

proteins that are typical subunits of surface proteins of lactobacilli [42]. In visual 

evaluation, the polypeptide profile was very similar, and the molecular range 

confirmed the previously observed results of one-dimensional electrophoresis (SDS-

PAGE). In line with our results, Wang et al. [41] observed that a protein of 

approximately 37 kDa for L. plantarum strain. This protein, the glyceraldehyde-

3phospated dehydrogenase (GAPDH), plays an important role for the adhesion 

properties of L. plantarum [41]. It has been shown that CscA, CscB and CscD proteins 

of L. plantarum are functionally related to a cell-surface protein complex that could 
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play a role in sugar acquisition. In particular, a cscB gene product known as co-

aggregation-promoting factor (Cpf) could be removed from L. plantarum surface by 

treating bacterial cells with LiCl (5M) and reattached by salt removal, restoring its co-

aggregation ability [43]. Mannose-binding proteins of L. plantarum WCFS1 are similar 

to a mucus-binding protein from L. reuteri that are likely to be involved in the 

interaction with the host [44]. L. reuteri 100-23 possesses a high-molecular-mass surface 

protein (Lsp) and methionine sulfoxide reductase B (MsrB), which both contribute to 

adherence in the gut [45]. L. reuteri JCM1081’s adhesive property appeared to be 

mediated by the presence of a surface protein of approximately 29 kDa with an 

important similarity to the putative ATP-binding cassette transported protein CnBP 

[46]. In our study, L. plantarum and L. reuteri revealed a quite similar surface profile, 

with polypeptides ranging from 20 to 100 kDa; however, their characterization and 

functions need to be confirmed by further experiments. 

The survival of probiotics during gastrointestinal transit and their adhesion on 

the intestinal surface are important prerequisites for the colonization and competitive 

inhibition proprieties. The strains here analysed have been previously demonstrated 

to greatly survive the gastro-intestinal conditions [10], which is an important 

prerequisite in probiotic efficacy. The results here presented clearly indicate the 

relation between cell surface characteristics and adhesion ability of L. reuteri and L. 

plantarum. Therefore, more studies are needed to identify the particular proteins 

involved in these mechanisms, in order to select the most suitable probiotic strains for 

application in weaning piglets. The findings of the current study can be extrapolated 

to those situations in which it could be relevant to formulate a probiotic product to 

target performance or health-related challenges in the pig’s life. 

 

5. Conclusions 

Our study showed that LiCl significantly inhibited the autoaggregation and co-

aggregation to E. coli of L. plantarum and L. reuteri. In addition, a strong affinity to 

chloroform indicated the hydrophobic and basic phenotypes of these lactobacilli. The 

adhesive capacity of L. reuteri on IPEC-J2 cells was significantly reduced after a pre-

treatment with LiCl, suggesting a pivotal role of surface proteins in the epithelial 

adhesion. L. plantarum and L. reuteri revealed an important influence of the adhesive 

proteins related to their probiotic characteristics, further research is necessary to 

better address the mechanisms of these proteins in the gut colonization, and also in 

relation to intestinal microbiota. Additionally, L. plantarum and L. reuteri might be 

suitable candidates for further study, due to their protective effects against E. coli 

infections in weaned piglets. 
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In vitro models are very important for preliminary evaluation of functional 

compounds. Moreover, the translation of results obtained from in vitro studies to in 

vivo is still not directly possible. The use of animals for scientific purposes is frequently 

debated in our society. The similarity between animals and humans, in particular for 

mammals, encouraged scientists to evaluate mechanisms and therapies in animal 

models before assessing them in humans. Humans and animals are complex 

organisms in which organs are involved in dense networks of hormones, cells crosstalk 

and circulating molecules. All levels of investigations, from healthy to diseased 

conditions, are necessary to understand biological mechanisms. In vitro models do not 

allow to study the interaction between organs, such as hormonal regulation and 

microorganisms’ dissemination during infections. In these cases, in vitro studies 

cannot fully replicate the following connections, thus animals are still necessary. 

However, in vitro studies are still useful for formulating many hypotheses, that must 

be successively tested and validated in vivo. Still the most advanced cell cultures or 

separated tissues and organs technologies are far from being able to predict organisms 

functioning. Animals are not only similar from a biological point of view, but they also 

share human diseases with similar patterns. As example, Type I diabetes, 

hypertension, allergies, cancers, epilepsy are so similar that 90% of veterinary 

medications are identical or very close to those used for human medicine (Barré-

Sinoussi and Montagutelli, 2015). Animals must not be used in case of other alternative 

non-animal-based model, with similar reliability, is available (Dir. 2010/63/EU). 

Research on relevant, carefully designed, well-characterized and controlled animal 

modes will remain for a long time an essential step for fundamental discoveries. 

Animal models have to be constantly improved to become more reliable and 

informative. However, animal ethic requires a permanent consideration and even if 

animal models seem to be antagonistic to ethics, they must be anchored for a high-

quality science. 

After the encouraging results achieved through in vitro studies, functional feed 

additives were also assessed for their effect in vivo on animal health and performance. 
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Brief Introduction of the Study: 

Based on the encouraging results observed in vitro, the following paper evaluated the 

combination of chestnut and quebracho tannin extracts on animal performance, serum 

metabolites and faecal parameters in post-weaning piglets. The novelty of the study 

relies on the assessment of the inclusion of 1.25% of tannin extracts that did not impair 

the diet digestibility. The dietary supplementation of innovative additive significantly 

increased albumin, globulin, and decreased urea and creatinine. The in vitro test on 

swine intestinal cell line allowed to demonstrate the hormesis of tannins on cell 

viability and the possibility to enhance cell metabolism when subjected to oxidative 

stressor. These findings suggests that 1.25% of tannin extracts did not modify animal 

growth. Based on the observed results on cell viability the effect of tannins could be 

better exacerbated under stressful conditions. 
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Simple Summary: In pig livestock, alternatives to in-feed antibiotics are needed to 

promote health status and to control enteric infections. Plant extracts containing 

biologically-active molecules may influence animal metabolism and performance, 

therefore potentially reducing the use of antibiotics in pigs. Tannins have antioxidant, 

anti-inflammatory and antimicrobial properties, and have been adopted to enhance 

growth performance, modulate intestinal microbiota, and decrease the incidence of 

diarrhea, particularly during the post-weaning period. Despite their functional 

properties, tannins are known to be astringent compounds due to their ability to 

complex and precipitate proteins, particularly proline-rich proteins. The common use 

of non-standardized plant extracts generates results that are often controversial and 

difficult to interpret. In this study, attention was focused on the evaluation of the 

inclusion of a mixture of tannins extracted from chestnut and quebracho in the diet of 

piglets. 

 

Abstract: In pig livestock, alternatives to in-feed antibiotics are needed to control 

enteric infections. Plant extracts such as tannins can represent an alternative as a 

natural source of functional compounds. The aim of this study was to evaluate the in 

vitro digestibility and in vivo effects of oral supplementation of combined chestnut (Ch) 

and quebracho (Qu) tannins in order to establish if they can induce a positive effect on 

weaned piglets’ performance, metabolic status and fecal parameters. In vitro 

digestibility (dry matter, DM) of diets was calculated using a multi-step enzymatic 

technique. In vitro digested diet samples were further tested on an intestinal porcine 

enterocyte cell line (IPEC-J2). Weaned piglets (n = 120; 28 ± 2 day old) were randomly 

allotted to two groups (12 pens in total with 10 pigs per pen): control (Ctrl) and 

treatment (Ch/Qu). After one week of adaptation (day 0), 35-day-old piglets in the Ctrl 

group were fed a Ctrl diet and the Ch/Qu group were fed with 1.25% Ch/Qu for 40 

days. Body weight and feed intake per pen were recorded weekly. At day 40, blood 

and fecal samples were collected. Principal metabolic parameters were evaluated from 

blood samples by enzymatic colorimetric analysis. Total phenolic compounds, urea, 

and ammonia in feces were analyzed (Megazyme International, Bray, Ireland). In vitro 

digestibility and cell viability assays showed that the inclusion of 1.25% Ch/Qu slightly 

reduced diet digestibility compared with the Ctrl diet, while intestinal cell viability 

was not altered with low concentrations of Ch/Qu digesta compared with Ctrl. In vivo 

results did not show any adverse effects of Ch/Qu on feed intake and growth 

performance, confirming that dietary inclusion of Ch/Qu at a concentration of 1.25% 

did not impair animal performance. The decreased diet DM digestibility in the Ch/Qu 

diet may cause increased serum concentration of albumin (Ctrl: 19.30 ± 0.88; Ch/Qu: 

23.05 ± 0.88) and albumin/globulin ratio (Ctrl: 0.58 ± 0.04; Ch/Qu: 0.82 ± 0.04), but 



  

111 
 

decreased creatinine (Ctrl: 78.92 ± 4.18; Ch/Qu: 54.82 ± 4.18) and urea (Ctrl: 2.18 ± 0.19; 

Ch/Qu: 0.95 ± 0.19) compared with Ctrl. Pigs in the Ch/Qu group contained higher (p 

< 0.05) concentrations of fecal phenolic compounds and nitrogen than the Ctrl group, 

while fecal ammonia and urea were not affected by tannins. In conclusion, Ch/Qu 

tannin supplementation did not influence growth performance. Although lower 

digestibility was observed in the diet supplemented with Ch/Qu tannins, Ch/Qu 

supplementation did not show any adverse effect on intestinal epithelial cell viability. 

 

Keywords: tannins; plant extracts; weaned piglets; zootechnical performances; blood 

metabolites; fecal nitrogen concentration 

 

1. Introduction 

In swine production, weaning is recognized as the most critical phase because 

piglets are exposed to various biological stressors, including physiological, 

environmental, and social changes, which lead to increases in the exposure to 

pathogens and dietary or environmental antigens [1–3]. For these reasons, antibiotics 

are often used to control bacterial infections and post-weaning diarrhea. 

Livestock antibiotic resistance is a major global threat of increasing concern for 

animal and human health, which has thus led the European Union to ban the use of 

antibiotics as growth-promoting agents [4,5]. As a result, in the last decade, an 

increased use of zinc oxide at a pharmacological level (ZnO, 2000-3000 ppm) was 

observed as an alternative to antibiotics [6]. However, the widespread use of 

pharmacological levels of ZnO has raised concerns related to environmental issues and 

the potential increase in the prevalence of antibiotic resistant bacteria [4,7–9]. The 

Agency’s Committee for Medicinal Products for Veterinary Use (CVMP) 

recommended the withdrawal of the existing marketing authorizations for veterinary 

medicinal products containing zinc oxide (EMA/394961/2017) [10]. 

Due to such restrictions, alternatives to antibiotics and alternatives to zinc oxide 

are urgently needed to guarantee animal production in line with health principles 

[11,12]. In this scenario, plant extracts can represent a valuable alternative as a natural 

source of functional compounds, such as polyphenolic compounds [13–17]. Among 

polyphenols, tannins derived from plant extracts are the largest class which can be 

classified into hydrolysable (HTs) or condensed (CTs) subgroups [18]. Tannins have 

been tested in the poultry and swine sectors, initially as tannin-rich feedstuffs (such as 

sorghum, barley, maize and fava beans), and more recently as tannin extracts from 

different plants (grape seed, grape pomace, acorns, oak, green tea leaves, and 

pomegranate) [19,20]. Chestnut trees (Ch, Castanea sativa Mill.) are a source of HTs, 

whereas quebracho trees (Qu, Schinopsis spp.) are a source of CTs or 
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proanthocyanidins [21]. Tannins extracted from these plants have been applied in 

intensive swine farms due to their antioxidant, anti-inflammatory, and antibacterial 

activities [16,21]. 

Heterogeneous results were obtained on the effects of Ch and Qu to enhance 

growth performance, modulate intestinal microbiota, and decrease the incidence of 

diarrhea during the post-weaning period [22–24]. These heterogeneous results could 

be related to the chemical characteristics of tannins, which can compromise the 

palatability, digestibility, and protein use of feed. The ability to bind proteins and 

carbohydrates in monogastric animals is associated with the antinutritional effects of 

tannins in reducing feed palatability [18]. Thus, contrasting results on the effective 

supplementation of tannins on pigs’ performance and intestinal health have been 

observed in relation to the source of tannins (Ch and Qu), dosage of tannins, and the 

type of tannins (HTs or CTs) included in the diets [25,26]. Therefore, the heterogeneity 

of commercial products is associated with the use of Ch or Qu individually or in 

mixtures with different percentages of tannins (from 54% to 82%) and hence different 

amounts of HTs and CTs. 

However, the studies presented in the literature for pigs in which Ch and Qu has 

been used showed that most of the products mainly contained tannins extracted from 

Ch (a source of HTs) [22,25,26]; no studies that adopted the use of Qu tannins (a source 

of CTs) have been reported and only a few studies that adopted the combination of Ch 

and Qu tannins (source of HTs/CTs) have been published [26–29]. Further research to 

fully understand the synergistic effect of HTs/CTs, derived from both chestnut and 

quebracho, on the growth performance of weaned piglets is needed. 

In light of this, identifying the correct application dose is essential in order to 

maximize the beneficial effects of tannins, and minimize the antinutritional effects on 

animal growth performance and health. Thus, the main purpose of this study was to 

evaluate the in vitro dry matter (DM) digestibility and in vivo effect of Ch/Qu in order 

to establish if the inclusion of 1.25% combined chestnut and quebracho tannins can 

induce a positive effect on weaned piglets. 

 

2. Materials and Methods  

2.1. Animals, Housing, Experimental Design and Treatment 

Our in vivo trial complied with Italian regulations on animal experimentation and 

ethics (DL 26/2014) [30] in accordance with European regulation (Dir. 2010/6) [31] and 

was approved by the Animal Welfare Body of the University of Milan (number 

31/2019). This trial was performed in an intensive conventional herd farm located in 

Lombardy (Italy) that was free from any of the diseases reported in the ex A-list of the 
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International Office of Epizootics, and free from Aujeszky’s disease, atrophic rhinitis, 

transmissible gastroenteritis, porcine reproductive and respiratory syndrome, and 

salmonellosis. 

A total of 120 crossbred piglets (Large White × Landrace), weaned at 28 ± 2 days 

(50% female and 50% male), were identified using individual ear tags and allotted in 

randomized complete block design into two experimental groups: control group (Ctrl) 

and treatment group (Ch/Qu). There were 60 pigs per treatment with 6 replicate pens 

and 10 pigs per pen. The groups were homogeneous in terms of gender, weight and 

litter. After one week of adaptation (considered day 0, piglets were 35 days old), 

during which all animals received the same basal diet, the experimental diets were 

distributed ad libitum to all animals for 40 days. Experimental diets (Plurimix, 

Fabermatica, CR, Italy) were formulated according to animal requirements for the 

post-weaning phase (Ferraroni Mangimi SpA, Bonemerse, Italy). The two diets were 

isoenergetic and isoproteic and fulfilled the NRC (2012) [32] requirements for post-

weaned piglets (Table 1). The Ch/Qu diet was differentiable by the inclusion of 1.25% 

of tannin extract from chestnut and quebracho trees (Silvafeed for Swine, Silvateam, 

Italy) (Table 1). 

Table 1. Ingredient composition of the experimental diets administered to weaned piglets (control 

(Ctrl), n = 60; chestnut/quebracho (Ch/Qu), n = 60) from day 0 to day 40 of the experimental trial on 

an as-fed basis. 

Ingredients 1,2,3,4,5, as % of Fed Basis Ctrl Ch/Qu 

Barley meal 25.15 25.00 

Wheat meal 19.41 19.07 

Corn meal 14.03 13.50 

Corn flakes 4.85 4.80 

Soybean meal 4.65 4.60 

Soybean protein 4.11 4.10 

Bakery meal 4.00 4.00 

Dextrose monohydrate 3.50 3.50 

Wheat middlings 4.32 4.30 

Fermented milk product 3.00 3.00 

Fish meal 2.50 2.50 

Milk whey powder 2.50 2.50 

Coconut oil 1.00 1.00 

Soy oil 1.00 1.00 

Plasma, meal 1.00 1.00 

Dicalcium phosphate 0.85 0.80 

Animal fats, lard 0.70 0.70 

L-Lysine 0.50 0.50 

Acidity regulators5 1.00 1.00 

Benzoic acid 0.40 0.40 

L-Threonine 0.34 0.34 

DL-Methionine 0.35 0.35 

Sodium chloride 0.26 0.24 
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Vitamins 0.24 0.24 

L-Valine (96.5%) 0.14 0.14 

L-Tryptophan 0.08 0.05 

Copper sulfate 0.04 0.04 

Ch/Qu Tannins 6 - 1.25 
1Ctrl: basal diet; Ch/Qu: basal diet with tannins (1.25%). 2 Nutrient and digestible energy content 

was calculated using Plurimix software (Fabermatica, CR, Italy). 3 Nutrient and digestible energy 

content (expressed the as-fed basis) of diet: dry matter (DM), 89.37%; crude protein, 16.92%; crude 

Fat, 5.06%; crude fiber, 3.15%; DE, 3.43 Mc/Kg. DE = digestible energy content estimated from NRC 

(2012). 4 Supplied the following nutrients per kg of diet: 10,000 UI vitamin A, 1000 UI vitamin D3, 

100 mg UI vitamin E, 3 mg vitamin B1, 96.3 mg vitamin B2, 5.8 mg vitamin B6, 27 mg vitamin B5, 

0.040 mg vitamin B12, 4.8 mg vitamin K3, 0.19 mg biotin, 35 mg niacinamide, 1.4 mg folic acid, 120 

mg choline chloride, 70 mg betaine chloride, 108 mg Fe as FeCO3, 38.5 mg Mn as MnO2, 112 mg Zn 

as ZnO, 19.3 Cu as CuSO4, 0.58 I as Ca(IO3)2, 0.29 Se as Na2SeO3. 5 Organic Acids: formic acid, 

sodium formate, sorbic acid, orthophosphoric acid, calcium formate, citric acid, and fumaric acid; 
6 Commercial chestnut and quebracho tannin extract (Silvafeed Nutri P/ENC for Swine, Silvateam, 

Italy). 

The enrolled piglets of both experimental groups were reared in one unique 

room at constant temperature (27 °C) and humidity (60%) for the entire experimental 

period. The room had an unobstructed floor area available to each weaner piglet of 

0.40 m², according to Directive 2008/120/EC [33]. Each pen was equipped with nipple 

drinkers with ad libitum access to fresh water. 

 

2.2. Chemical Analyses and in vitro Digestibility Evaluation of Ctrl and Ch/Qu Diets 

Feed samples from Ctrl and Ch/Qu (500 g each) were collected in order to 

guarantee the representativeness of samples according to the Reg. 152/2009/EC [34] 

and ISO 24333:2009 [35]. Moreover, a total of 50 g of commercial product 

supplemented in the Ch/Qu diet (Silvafeed Nutri P/ENC for Swine, Silvateam, Italy) 

was collected. The Ctrl and Ch/Qu diets as well as the tannin supplements were 

analyzed for proximate analysis, including moisture, crude protein (CP), crude fibre 

(CF), ether extract (EE), and crude ash [36]. Specifically, moisture determination was 

performed by oven-drying at 135 °C for 2 h. Crude protein content was measured 

according to the Kjeldahl method. Crude fiber was determined by the Filter Bag 

technique. Ether extract content was determined by the Soxhlet method with prior 

hydrolysis. Ash was measured using a muffle furnace at 550 °C. Fecal samples were 

also analyzed for moisture following the procedure described above. 

Total phenolic compounds in Ctrl and Ch/Qu diets and in Ch/Qu tannin extracts 

were assayed according to the Folin-Ciocalteu method [37]. Each feed sample was 

weighed (5 ± 0.5 g) and mixed with 30 mL of pure methanol (Sigma Chemical Co, St. 

Louis, MO, USA) for 24 h at room temperature and subsequently filtered (Whatman 

54, Florham Park, NJ, USA). The obtained chemical extracts from feed samples were 

tested for total phenolic compounds. Prior to the analysis, a standard curve was 
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prepared using tannic acid (Sigma Chemical Co, St. Louis, MO, USA). The tannic acid 

was water-dissolved to obtain a stock solution of 960 μg/mL. Dilutions of the stock 

solution were prepared to obtain final concentrations from 60 to 960 μg tannic 

acid/mL. The Folin-Ciocalteu reagent was diluted 1:10 with deionized water and a 

solution of 1 M sodium carbonate (Sigma Chemical Co, St. Louis, MO, USA) was 

prepared. Briefly, an aliquot (0.5 mL) of extract, blank or standard was placed in a 15 

mL plastic tube, where the Folin-Ciocalteu reagent (2.5 mL) and sodium carbonate (2 

mL) were added and the mixture was incubated at room temperature in a dark 

chamber for 20 min. The total phenolic content was determined by colorimetry at 630 

nm using an UV-visible spectrophotometer (Jasco V-630, Easton, MD, USA). Total 

phenolic content was expressed as tannic acid equivalents (g TAE/kg). The analyses 

were performed in technical duplicate and biological triplicate. 

The Ctrl and Ch/Qu diets adopted in the in vivo trial were in vitro digested using 

the protocol reported by Reggi et al. [16]. The in vitro digestion was performed 

according to the protocol described by Regmi et al. [38] with minor adaptations 

previously reported by our group [39]. At the end of the in vitro digestion procedure, 

a soluble fraction and an undigested fraction (UF) were obtained. The soluble fraction 

was used for cell viability assays (detailed below). The UF was then collected in a 

filtration unit using a porcelain filtration funnel lined with pre-weighed filter paper 

(Whatman no. 54). The UF, along with the filter paper, were dried overnight at 65 °C. 

The UF was used to calculate the in vitro digestibility (IVD) using the following 

equation:  

IVD (%) = (sample (DM) — sample UF (DM))/(sample (DM) × 100). 

(

1

) 

The digestion procedure was performed twice (2 biological replicates). Whey 

protein (90%) was included as a reference sample for stability tests in all digestions 

performed, as previously indicated in Giromini et al. [17]. 

 

2.3. Effect of Ctrl and Ch/Qu Diet on Swine Intestinal Cell Viability 

The intestinal porcine enterocyte cell line IPEC-J2 is unique as it is derived from 

the small intestine isolated from the jejunum of a neonatal unsuckled piglet (ACC 701, 

DSMZ, Braunschweig, Germany) and is not transformed nor tumorigenic in nature 

[39]. IPEC-J2 cells were cultured in Dulbecco’s Modified Eagle Medium + Ham’s F-12 

mixture (DMEM/F-12) supplemented with HEPES (N-(2-Hydroxyethyl)piperazine-

N′-(2-ethanesulfonic acid)), fetal bovine serum (FBS), penicillin/ streptomycin and 

cultivated in a humid chamber at 37 °C with 5% CO2. All experiments were performed 

using IPEC-J2 cells within six cell passages (passages 16 to 22) to ensure 
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reproducibility. In particular, IPEC-J2 cells were seeded at a density of 1.5-2 × 105 

cells/mL in 96-well plates and cultured for 24 h. 

Samples of in vitro digested Ctrl and Ch/Qu diets (soluble fraction of the in vitro 

digestion described above) were used to obtain a dose-response curve in IPEC-J2 cells. 

Diluted concentrations of digesta were applied to cells (21.31-0.33 mg/mL), while 

DMEM/F-12 mix alone was used as a negative control (0 mg/mL, DMEM). Cell 

viability was determined after a three-hour incubation by a colorimetric proliferation 

assay (MTT test, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) in 

accordance with the manufacturer’s instructions (Sigma Chemical Co, St. Louis, MO, 

USA). 

 

2.4. Collection of Fecal and Blood Samples 

Fecal (n = 6) and serum blood samples (n = 12) were collected at day 40 of the in 

vivo trial (from 75-day-old piglets), according to ethical authorization, from a 

randomly selected subset of animals (blood: n = 12/treatment fecal: n = 6/treatment, 

50% female and 50% male) for each treatment group cohort one hour before the 

morning feeding and within one hour after feeding in order to have homogeneous 

conditions and representative parameters. Fecal samples were individually collected 

from rectal ampulla and immediately stored at −20 °C until further analysis. From each 

piglet included in the subset, blood was collected from the jugular vein into vacuum 

tubes, maintained for 2 h at room temperature, and then centrifuged at 850 r.c.f. 

(relative centrifugal force) for 10 min at 4 °C. Serum was aliquot and stored at −20 °C 

for further analysis. 

 

2.5. Zootechnical Evaluation 

Piglets were individually weighed (BW) on day 0, 14, 28 and 40 of the in vivo trial 

(35-, 49-, 63- and 75-day-old piglets, respectively). The amount of feed offered ad 

libitum to the experimental groups (Ctrl and Ch/Qu) was recorded. The feed intake of 

individual pen (experimental unit for the feed intake evaluation) was calculated every 

week by measuring the total refusals. The average daily feed intake (ADFI) and feed-

to-gain ratio were calculated from day 0 to 14, from day 14 to 28 and from day 28 to 40 

of the in vivo trial (35–49-, 49–63- and 63–75-day-old piglets, respectively). Based on 

the ADFI and total phenolic compounds in the feed, phenolic compound intake was 

calculated from day 0 to 14, from day 14 to 28 and from day 28 to 40 of in vivo trial (35–

49-, 49–63- and 63–75-day-old piglets, respectively). The health status of the piglets 

was monitored daily. Mortality was registered, and the incidence of diarrhea was 

calculated based on the number of piglets with clinical sign of diarrhea [11]. 
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2.6. Total Phenolic Compounds, Urea and Ammonia in Feces 

The total phenolic compounds in feces were evaluated as previously described. 

Fecal samples were weighed (5 ± 0.5 g) and mixed with 30 mL of pure methanol (Sigma 

Chemical Co, St. Louis, MO, USA) for 24 h at room temperature and subsequently 

filtered (Whatman 54, Florham Park, NJ, USA). The obtained chemical extracts from 

fecal samples were tested for total phenolic compounds according to the Folin-

Ciocalteu method [37]. 

Fecal samples (5 g) were treated prior to analysis with 20 mL of perchloric acid 

(1 M). Then, samples were homogenized for 2 min using an Ultra-turrax (T25, Ika 

Works Inc., Wilmington, NC, USA). The homogenized samples were adjusted to pH 8 

with KOH (2 M) and adjusted to the mark with 100 mL of distilled water. The samples 

were then maintained on ice for 20 min and centrifuged at 13,000 × g for 10 min. The 

supernatant was filtered (Whatman 1, Florham Park, NJ, USA). A K-URAMR test kit 

(Megazyme, Bray, Ireland) was used for urea and ammonia analysis. The test kit 

method involved urease, which catalyzed the hydrolysis of urea to ammonia and the 

subsequent reaction of ammonia, 2-oxoglutarate and reduced nicotinamide-adenine 

dinucleotide phosphate (NADPH) in the presence of glutamate dehydrogenase to 

form glutamic acid and NADP+. The consumption of NADPH was measured by the 

decrease in absorbance at 340 nm using a UV-visible spectrophotometer (Jasco V-630, 

Easton, MD, USA) and was proportional to the original amount of urea over a finite 

range (Urea/Ammonia (Rapid) Assay Procedure K-URAMR 11/05, Megazyme 

International, Bray, Ireland). The analyses were performed in technical duplicate and 

biological triplicate. 

 

2.7. Blood Serum Analysis 

Serum biochemical analyses were performed by the Lombardy and Emilia 

Romagna Experimental Zootechnic Institute (IZSLER). The concentration of total 

protein (g/L), albumin (g/L), globulin (g/L), albumin/globulin (A/G ratio), alanine 

aminotransferase (ALT-GPT; IU/L), aspartate aminotransferase (AST-GOT; IU/L), 

alkaline phosphatase (ALP; IU/L), glucose (mmol/L), urea (mmol/L), creatinine 

(μmol/L), total bilirubin (umol/L), total cholesterol (mmol/L), triglycerides (mmol/L), 

high-density lipoprotein (HDL; mmol/L), low-density lipoprotein (LDL; mmol/L), 

calcium (mmol/L), phosphorus (mmol/L), and magnesium (mmol/L) were measured. 

The parameters were analyzed at 37 °C via standard enzymatic colorimetric analysis 

using a multiparametric autoanalyzer for clinical chemistry (ILab 650; Instrumentation 

Laboratory Company, Lexington, MA, USA). 

 

2.8. Statistical Analysis 
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One-way ANOVA was calculated using SAS 9.4 (SAS Inst. Inc., Cary, NC, USA) 

and was used to analyze digestibility and cell viability data. Animal performance, 

phenolic compounds (ingestion and diet, supplement and fecal content), fecal protein, 

nitrogen, ammonia, urea and blood metabolite data were analyzed using a generalized 

linear mixed model through generalized linear mixed model Proc GLIMMIX SAS 9.4 

(SAS Inst. Inc., Cary, NC, USA) [40]. For animal performance, the model included the 

fixed effect of treatments (Trt), experimental day (Day) and the interaction between 

the two factors (Trt × Day), and the repeated measures over time were included in the 

RANDOM statement. Tukey-Kramer studentized adjustments were used to separate 

treatment means within the two-way interactions. Within significant two-way 

interactions, the slice option was used to separate means within specific treatments 

and experimental days. The proc CORR procedure was used to calculate and test 

Spearman correlations by treatment among feed (ADFI, phenolic compound intake), 

fecal (fecal phenolic compounds, protein, nitrogen, ammonia, urea) and blood 

metabolites (glucose, urea, total cholesterol, HDL, LDL, triglycerides) on day 40. 

Means were considered different when p ≤ 0.05. Results are reported as least squares 

means (LSMEANS) and standard errors of the means (SEM). 

 

3. Results 

3.1. Chemical Analyses and in vitro Digestibility Evaluation of Experimental Ch/Qu and Ctrl 

Diets 

The experimental diets contained a similar content of principal nutrients (Table 

2). The phenolic content differed due to the tannin supplementation, and was 3.68 

times higher in Ch/Qu group than in the Ctrl group. The in vitro experiments showed 

a slight reduction of DM digestibility in the Ch/Qu diet (69.33% of DM) compared to 

the Ctrl diet (72.00% of DM). 

 

Table 2. Chemical analysis of experimental diets fed to piglets from day 0 to day 40 1 of the in vivo trial 

(from 35- to 75-day-old piglets). 

Principal nutrients  
Experimental Diets 1 Tannin Additive 

Ctrl Ch/Qu Tannins 2 

Moisture, % 9.54 9.66 6.28 

Crude protein, % 17.40 17.72 3.06 

Crude fiber, %  3.27 3.45 nd 3 

Crude fat, %  4.47 4.94 nd 3 

Ash, % 5.32 5.71 1.29 

Phenolic compound, g TAE/kg 0.79 ± 0.03 2.91 ± 0.06 715.05 ± 51.02 

1 Ctrl: basal diet; Ch/Qu: basal diet with tannins (1.25%). 2 Commercial hydrolysable chestnut tannin 

extract (Silvafeed Nutri P/ENC for Swine, Silvateam, Italy). 3 nd = not detectable. 

g TAE/kg: tannic acid equivalents. 
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3.2. Swine Intestinal Cell Viability 

Samples of in vitro digested Ch/Qu and control diets were tested on IPEC-J2 cell 

viability at diluted concentrations. In general, Ch/Qu and Ctrl digesta showed 

comparable effects on cell viability at the tested concentrations. An exception was 

represented by the concentration of 5.32 mg/mL of digesta. At this concentration, 

Ch/Qu seems to detrimentally affect viability compared to Ctrl. In contrast, at a 

concentration of 1.33 mg/mL, Ch/Qu promoted cell viability compared to Ctrl (p < 0.05) 

(Figure 1). 

 
Figure 1. Effect of different concentrations (21.31–0.33 mg/mL) of Ctrl and Ch/Qu digesta (<3 kDa) on 

intestinal porcine epithelial cell line IPEC-J2 cell viability (via 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide MTT assay). Data are expressed as percentage of control (DMEM - 

Dulbecco’s Modified Eagle Medium + Ham’s F-12 mixture, 0 mg/mL) as least squares means 

(LSMEANS) and standard errors of the means SEM (n = 3). At each concentration, different letters 

denote statistical differences between Ch/Qu and Ctrl. 

 

3.3. Zootechnical Performance 

No mortality and no veterinary interventions were observed in the Ch/Qu and 

Ctrl groups during the entire experimental period. Moreover, no differences between 

males and females were observed in the analyzed parameters. Tannin 

supplementation did not affect ADFI, BW, ADG or feed-to-gain ratio (Table 3). Daily 

phenolic compound intake was significantly higher (p < 0.01) in the Ch/Qu group 

compared to the Ctrl group during the entire experimental period. 

 

 

 

Table 3. Growth performance of weaned piglets fed diets with tannins (Ch/Qu, n = 60) or without 

supplementation (Ctrl, n = 60) from day 0 to day 40 1 of the in vivo trial (from 35- to 75-day-old piglets). 

Growth performances  Treatments 2 SEM p-Value 
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Ctrl Ch/Qu Trt Day Trt × Day 

Phenolic compound intake, g/d 0.656 a 2.341 b 0.15 <0.01 <0.01 <0.01 

ADFI, kg/d 0.623 0.599 0.02 0.258 <0.01 0.241 

BW, kg 13.86 13.64 0.64 0.819 <0.01 0.987 

ADG, kg/d 0.292 0.284 0.02 0.729 <0.01 0.651 

Feed:Gain, d 1.98 2.04 0.07 0.510 0.040 0.140 
a,b Indicate differences between treatment groups at p < 0.05 within the same day (Trt × Day: p < 0.05). 1 

Data are shown as LSMEANS and SEM. 2 Ctrl: basal diet; Ch/Qu: basal diet with tannins (1.25%). 

ADFI: average daily feed intake; BW: body weight; ADG: average daily gain. 

 

Regarding the health status of the animals throughout the experimental period 

in both groups, clinical signs of diarrhea occurred after seven days and the signs were 

transient (on average lasting for three days). The occurrence of diarrhea (number of 

new animals with signs of diarrhea per group) was 3.39% and 5.00% in the Ctrl and 

Ch/Qu groups at day 0-14, respectively; at day 14-28, the incidence was 18.64% and 

15.52% in the Ctrl and Ch/Qu groups; and at day 28-40, the incidence was 1.69% and 

3.45% in the Ctrl and Ch/Qu groups (Supplementary Table 1). 

 

3.4. Blood Serum Metabolites 

Dietary treatment with tannins did not influence total protein content, globulin, 

ALT-GPT, AST-GOT, ALP, glucose, total bilirubin, total cholesterol, triglycerides, 

HDL, LDL, calcium, phosphorus or magnesium (Table 4). Pigs in the Ch/Qu group 

had higher albumin (p = 0.006) and A/G ratio (p = 0.001), but lower creatinine (p < 0.001) 

and urea (p = 0.001) compared with pigs in the Ctrl group. 

 

Table 4. The biochemical concentration of serum metabolites in control (Ctrl, n = 12) and tannin (Ch/Qu, 

n = 12) groups on day 40 of the in vivo trial (75-day-old piglets) with reference ranges for pigs. 

Blood 1 
Treatments 2 

SEM 
p-Value 

Reference Range 
Ctrl Ch/Qu Treatment 

Total protein content, g/L 52.88 52.18 1.89 0.798 44–74 [41–43] 

Albumin, g/L 19.30 a 23.05 b 0.88 0.006 19–39 [42] 

Globulin, g/L 33.58 29.80 1.55 0.053 19–41 [41,43] 

A/G ratio 0.58 a 0.82 b 0.04 0.001 0.50–2.2 [41–43] 

ALT-GPT, IU/L 38.33 33.82 2.51 0.218 36–117 [43] 

AST-GOT, IU/L 54.17 48.09 3.41 0.221 21–98 [42] 

ALP, UI/L 165.67 186.00 12.58 0.266 46–341 [43] 

Glucose, mmol/L 5.00 5.05 0.25 0.878 3.5–8.6 [41] 

Urea, mmol/L 2.18 a 0.95 b 0.19 < 0.001 0.90–8.89 [41,42] 

Creatinine, μmol/L 78.92 a 54.82 b 4.18 0.001 67–172 [42] 

Total bilirubin, umol/L 1.98 1.67 0.13 0.107 0.9–3.4 [42] 

Total cholesterol, mmol/L 2.51 2.38 0.13 0.479 1.3–4.2 [41–43] 

Triglycerides, mmol/L 0.68 0.58 0.06 0.259 0.3–2.7 [41] 

HDL, mmol/L 0.77 0.75 0.03 0.667 - 

LDL, mmol/L 1.60 1.52 0.10 0.532 - 
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Calcium, mmol/L 2.28 2.29 0.06 0.923 2.02–3.21[42] 

Phosphorus, mmol/L 3.05 3.02 0.08 0.774 1.46–3.45 [42] 

Magnesium, mmol/L 0.85 0.80 0.02 0.214 0.9–1.2 [41] 

A/G = albumin/globulin; ALT-GPT = alanine aminotransferase; AST-GOT = aspartate aminotransferase; 

ALP = alkaline phosphatase; HDL = high-density lipoprotein; LDL = low density lipoprotein. a,b 

Indicates differences among treatment groups at p < 0.05 within the same day. 1 Data are shown as 

LSMEANS and SEM. 2 Ctrl: basal diet; Ch/Qu: basal diet with tannins (1.25%). 

 

3.5. Influence of Dietary Treatment with Tannins on Feces 

Weaned piglets in the Ch/Qu group showed higher concentrations of fecal 

phenolic compounds than the Ctrl group (p = 0.047). Fecal nitrogen concentrations 

were significantly higher (p = 0.002) in the Ch/Qu group than the Ctrl group, while 

fecal ammonia (p = 0.684) and urea (p = 0. 235) were not affected by the dietary 

inclusion of tannins (Table 5). 

 

Table 5. Fecal metabolites of weaned piglets fed diets with tannins (Ch/Qu, n = 6) or without tannin 

supplementation (Ctrl, n = 6) on day 40 1 of the in vivo trial (from 35- to 75-day-old piglets). 

Feces 
Treatments 2 

SEM 
p-Value 

Ctrl Ch/Qu Treatment 

Phenolic compound, g TAE/kg 0.34 a 0.50 b 0.05 0.047 

Nitrogen, g/kg 3  36.02 a 41.35 b 1.00 0.002 

Ammonia, g/100g 2.26 3.20 1.89 0.684 

Urea, g/100g 0.62 0.99 0.23 0.235 
a,b Indicates differences among treatment groups at p < 0.05 within the same day. 1 Data are shown as 

least squares means LSMEANS and standard errors of the means SEM. 2 Ctrl: basal diet; Ch/Qu: basal 

diet with tannins (1.25%). 3 Data are shown as fresh weight. 

g TAE/kg: tannic acid equivalents. 

 

3.6. Influence of Dietary Treatment with Tannins on Correlation among Feed, Feces and Blood 

Parameters 

We found a significantly positive correlation between fecal nitrogen and phenolic 

compound intake (p = 0.007). There was also a negative correlation between fecal 

nitrogen and blood urea (Table 6). 

 

Table 6. Correlation (Spearman correlation) among feed, feces (n = 6/treatment) and blood parameters 

(n = 6/treatment) on day 40 1,2 of the in vivo trial (from 35- to 75-day-old piglets). 

Feces Parameters Header Spearman r p-Value 

Fecal nitrogen, g/kg DM Blood urea, mmol/L −0.86 0.014 
 Phenolic compound intake, g/d 0.89 0.007 

1Ctrl: basal diet; Ch/Qu: basal diet with tannins (1.25%). 2Spearman correlation considering the 

experimental groups (Ctrl and Ch/Qu). 

 

4. Discussion 
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The present study included two experimental sections. Firstly, an in vitro 

characterization of the Ch/Qu and Ctrl diets (chemical composition, in vitro 

digestibility (DM) and cell viability assays) was performed. Secondly, an in vivo 

experimental trial in swine was conducted during which the Ch/Qu and Ctrl diets 

were administered to animals. 

The in vitro results showed that Ch/Qu in vitro digestibility was slightly but not 

significantly reduced compared with Ctrl diet digestibility, suggesting that the 

presence of Ch and Qu tannins in the diet may limit nutrient digestibility due to 

binding and forming stable and insoluble complexes with proteins [44,45]. 

In addition, results obtained in IPEC-J2 cells showed that the Ch/Qu diet had a 

similar effect on intestinal epithelial cell viability compared to the Ctrl diet. The tested 

concentration range allowed us to observe a hormetic effect in IPEC-J2 cell viability, as 

indicated by the fact that low concentrations were stimulatory while the high 

concentrations were harmful to cell viability [46]. Despite their antimicrobial and 

antioxidant properties, the supplementation of tannins in animal feed could decrease 

feed palatability and the absorption, digestion, and utilization of dietary proteins 

[18,47]. However, in our study, the feed intake was the same for the Ctrl and Ch/Qu 

groups; thus, the inclusion of 1.25% Ch/Qu tannins in the diet did not affect feed 

palatability. Moreover, growth performance of the Ctrl and Ch/Q groups did not show 

any significantly differences. In fact, BW and ADG remained at a similar level, 

confirming that the dietary inclusion of Ch/Qu did not impair animal performance due 

to the protein binding property of tannins [48]. 

Different literature cases have shown contradictory results relating to the 

dosages of tannin inclusion. In line with our study, the inclusion of 1%, 2% and 3% of 

Ch/Qu or Ch tannins had no effect on ADG, BW and feed efficiency in pigs [26,28], 

whereas Ch/Qu tannin supplementation at 2% showed a positive effect on ADFI and 

ADG [23]. Furthermore, Bee et al. [47] reported that the inclusion of 3% Ch/Qu tannins 

significantly decreased the gain-to-feed ratio in boars, while BW and ADG were not 

influenced. Moreover, lower doses (from 0.11% to 0.45%) of Ch tannins did not 

improve growth performance in piglets [22,27]. The contradictory literature results 

related to dosages could thus be related to different compositions of tannin-based 

commercial products. In light of this, the dosages of tannins cannot be a unique 

explanation for the effect on animal performance. 

In fact, the combined effect of Ch/Qu tannins could be exacerbated during 

stressful conditions, such as experimental bacterial infections [24,28]. According to 

Reggi et al. [16], beneficial effects were reported when Ch/Qu digesta were 

administered to experimentally stressed intestinal swine cells, suggesting that it might 

have a trophic effect at the intestinal epithelium, and an increased viability of cells was 
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observed after tannin treatment. In present study, animals were reared in a 

conventional herd farm. The incidence of diarrhea was not different between the Ctrl 

and Ch/Qu groups during the entire experimental period. Moreover, we observed a 

decrease of diarrhea incidence in the Qu/Ch group from day 14 to 28 when compared 

to the Ctrl group, and the occurrence of diarrhea was below the average post-weaning 

level [49,50]. 

The physiology and hematological parameters of animals can be influenced by 

several factors, including nutrition [51]. In the present study, all biochemical 

parameters for both the Ctrl and Ch/Qu groups were within the reference range of 

weaned pigs [41–43]. The increase in serum albumin and A/G ratio in the Ch/Qu group 

compared to the Ctrl group were in line with results by Chedea et al. [52]. Albumin is 

an important indicator of protein status; the increment of this serum metabolite could 

be due to increased microbial protein in the intestine, which might trigger and increase 

the amount of amino acids [53]. The level of the blood A/G ratio could be related to 

protein synthesis and the humoral immunity of animals [54]. Our study revealed a 

significant decrease in serum creatinine and urea in the Ch/Qu group compared to the 

Ctrl group. Creatinine and urea are types of non-protein nitrogen related to protein 

catabolism [55]. The main source of creatinine in serum is associated with the 

degradation of creatine in animal muscle. Creatinine levels in the blood may increase 

when diarrhea occurs due to the increased mobilization of muscle protein to 

compensate for the lack of nutrient absorption. Thus, the decrement of serum 

creatinine could be associated with the reduction of nutrient availability. Despite the 

small decrement of digestibility in the Ch/Qu diet observed in the in vitro trial, this 

scenario can lead to decreased nutrient utilization (in particular, protein availability). 

Moreover, we hypothesized that there would be a shift in mild protein 

metabolism principally associated with the protein binding properties of tannins 

causing a depression in digestive capacity in the small intestine, but we showed the 

opposite (signs of a growth promoting substance).  Moreover, we can hypothesize that 

there was a shift on mild protein metabolism principally associated with the protein 

binding properties of tannins causing depression of digestive capacity in the small 

intestine and showed the opposite signs of a growth promoting substance. In fact, in 

the Ch/Qu group, we also detected a decrement in serum urea, another important 

indicator of protein status and of feed efficiency [56]. Thus, the decrement of blood 

urea concentration could be due to the increase of the synthesis of bacterial proteins 

[57,58]. Tannins promote bacterial growth in the large intestine, which are able to 

formulate undigested substrate. We found an increased fecal content of polyphenols 

and nitrogen concentration in the Ch/Qu group, which could be associated with the 

bio-accessibility and degradation of tannins in the intestinal tract [57,59]. 
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Literature studies showed that proanthocyanidins were not completely absorbed 

in the gastrointestinal tract, resulting in a higher polyphenol content in the feces of 

pigs [59]. Additionally, several studies have shown that an increased concentration of 

fecal polyphenols and nitrogen may be due to the ability of tannins to form stable 

complexes with proteins [48,59]. In the present study, the positive correlation between 

phenolic compound intake and fecal N concentration could indicate that phenolic 

compounds may form protein-tannin complexes and could decrease protein 

digestibility [48,57,58]. The negative correlation between fecal nitrogen and blood urea 

could explicate our results. In fact, similar results were reported in the literature where 

a higher excretion of N through feces was associated with a reduction in blood urea 

concentration [60]. 

In light of this, we could hypothesize a possible shift in protein metabolism, 

which has led to the modulation of serum creatinine, serum urea concentration and 

fecal metabolites principally related to protein utilization and absorption in the Ch/Qu 

group. 

 

5. Conclusions 

Tannins are used mainly for their antimicrobial and antioxidant properties in 

animal nutrition. In our study, we observed a slight reduction of Ch/Qu diet 

digestibility and protein utilization, but no effects on feed intake and growth 

performance were observed. Moreover, in vitro results on IPEC-J2 cells showed that 

the presence of Ch/Qu tannins in the diet did not impair intestinal cell viability. 

Furthermore, Ch/Qu supplementation modulated serum creatinine and urea 

concentration, probably due to a modulation of the entire intestine digestive capacity, 

which also led to increased fecal nitrogen concentration. 

 

Supplementary Materials: The following are available online at 

https://www.mdpi.com/2076-2615/10/11/1945/s1, Table S1: The clinical signs of 

diarrhea of weaned piglets fed diets with tannins (Ch/Qu, n=60) or without (Ctrl, n=60) 

supplementation from day 0 to day 40 of in vivo trial. 
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Brief Introduction to the Study: 

This scientific paper contributed to the scientific knowledge on innovative additives 

for piglets nutrition. Results of the following study paved the way for the publication 

of further manuscripts that evaluated the modulation of entire microbiota and the 

combined effect on animal health of the use of tributyrin as feed additive. The 

following study demonstrated the positive effect of tributyrin on animal performance, 

plasma metabolites and gut microorganisms’ modulation in post-weaning piglets. The 

work provided interesting insights related to the use of tributyrin as an innovative 

feed additive for swine nutrition.  
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Simple Summary: In animal farming, alternatives to antibiotics are required due to 

the increase of antimicrobial resistance. In this contest, tributyrin showed the ability to 
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promote gut health, to modulate gut microbiota and to improve protein digestibility, 

leading also to higher growth performance. However, although the mode of action of 

tributyrin on the intestinal epithelial cells has been partially explained, its effects on 

lipid and protein metabolism needs to be investigated. This paper provides 

information about the influence of tributyrin on production traits, blood parameters, 

faecal microbiota and faecal protein excretion in weaned piglets. 

 

Abstract: The aim of this study was to investigate the effects of tributyrin 

supplementation on the production traits, the main metabolic parameters and gut 

microbiota in weaned piglets. One hundred and twenty crossbred piglets (Large White 

× Landrace) were randomly divided into two experimental groups (six pens each; 10 

piglets per pen): the control group (CTRL), that received a basal diet, and the tributyrin 

group (TRIB) that received the basal diet supplemented with 0.2% tributyrin. The 

experimental period lasted 40 days. Production traits were measured at days 14, 28 

and 40. A subset composed of 48 animals (n = 4 for each pen; n = 24 per group) was 

considered for the evaluation of serum metabolic parameters and hair cortisol by 

enzyme-linked immunosorbent assay (ELISA), and faecal microbiota by real-time 

polymerase chain reaction (PCR). Our results showed that the treatment significantly 

increased body weight (BW) at day 28 and day 40 (p = 0.0279 and p = 0.0006, 

respectively) and average daily gain (ADG) from day 28 to day 40 (p = 0.046). Gain to 

feed ratio (G:F) was significantly higher throughout the experimental period (p = 

0.049). Even if the serum parameters were in the physiological range, albumin, 

albumin/globulin (A/G) ratio, glucose and high-density lipoproteins (HDL) fraction 

were significantly higher in the TRIB group. On the contrary, tributyrin significantly 

decreased the urea blood concentration (p = 0.0026), which was correlated with lean 

gain and feed efficiency. Moreover, serum insulin concentration, which has a 

regulatory effect on protein and lipid metabolism, was significantly higher in the TRIB 

group (p = 0.0187). In conclusion, this study demonstrated that tributyrin can be 

considered as a valid feed additive for weaned piglets. 

 

Keywords: pig nutrition; antibiotic alternatives; feed additives; butyrate; lactobacilli 

 

1. Introduction 

Even if antibiotics remain an essential tool for treating animal diseases, 

innovative feed additives are required in order to reduce their use in livestock due to 

increased antimicrobial resistance. In pig farming, the weaning phase is characterized 

by high levels of stress resulting in decreased feed intake, growth retardation and a 
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higher tendency to develop gastrointestinal diseases [1,2] that may require the use of 

antimicrobial compounds. Thus, alternatives include the use of feed supplements able 

to improve general health status by modulating the digestive process and the intestinal 

microbiota, such as probiotics, prebiotics and organic acids [3–5]. In light of this, short 

chain fatty acids (SCFA) play a fundamental role in modulating the intestinal 

microbial population and in promoting the digestion phase [6]. Butyrate is a SCFA that 

is produced by bacteria in the gut [7]. Aside from its primary function as an energy 

source for colonocytes, it is a strong mitosis promoter and a differentiation agent for 

intestinal epithelial cells [8], as it acts as a histone deacetylase (HDAC) inhibitor [9]. It 

showed also in vitro positive effects on hepatocytes [10]. Moreover, it has a strong 

antibacterial activity against both Gram-negative and Gram-positive pathogens [11] 

and therefore proves to be a valid aid for gut health maintenance. In pigs, different 

studies showed the improvement of growth performance, the repair of damaged 

intestinal tissues and the improvement of protein digestibility [12–14]. However, a 

decreased feed intake associated with its strong odour has been observed when high 

levels of butyrate were included in the diet. [15]. Tributyrin is a valid alternative to 

butyrate, as one molecule of tributyrin releases three molecules of butyrate directly in 

the small intestine, thus butyrate is rapidly adsorbed. Supplementation of tributyrin 

showed different in vivo positive effects on growth performance and gut health, also 

after lipopolysaccharide challenge [16–18]. The higher growth performance and the 

improvement of protein digestibility suggest that tributyrin could modulate protein 

and lipid metabolism. Thus, blood metabolites, insulin and leptin, which are positively 

correlated with body weight and with adipose and also muscle mass, could be 

modulated by tributyrin supplementation. However, no other studies investigated the 

effects of in-feed tributyrin on blood metabolites (such as glucose, urea and HDL), 

insulin, leptin and cortisol in healthy piglets. Thus, the aim of this study was to 

determine the effects of tributyrin supplementation on the production traits and 

nutrient metabolism in piglets reared in a conventional herd. In particular, the main 

blood metabolites, insulin, leptin, hair cortisol and protein content in faecal samples 

were analysed. Moreover, the effects of tributyrin on gut microbiota were evaluated. 

 

2. Materials and Methods 

2.1. The In Vivo Trial 

The in vivo trial, complied with Italian regulation on animal experimentation and 

ethics (DL 26/2014) in accordance with European regulation (Dir. 2010/63), was 

approved by the animal welfare body of University of Milan (authorization number 

31/2019) and performed in an intensive conventional herd, located in Lombardy 
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(Italy), free from diseases according to the ex A-list of the World Organization for 

Animal Health (Aujeszky’s disease, atrophic rhinitis, transmissible gastroenteritis, 

porcine reproductive and respiratory syndrome and salmonellosis).  

One hundred and twenty crossbred piglets (Large White × Landrace) weaned at 

28 ± 2 days were randomly allotted into two experimental groups, with similar 

conditions to those under which commercial farm animals were kept before the first 

day of the trial (six pens per group; 10 piglets each, 50% female and 50% male) After 

one week of adaptation, the control group (CTRL) received a basal diet, while the 

tributyrin group (TRIB) received the same basal diet supplemented with 0.2% of 

tributyrin (Ferraroni Mangimi SpA, Bonemerse, Italy). The iso-energetic and iso-

proteic diet provided fulfilled the National Research Council NRC [19] requirements 

(Table 1). The experimental period lasted 40 days, considering day 0 the first day the 

two groups received the two different experimental diets. Piglets of both experimental 

groups were reared in a unique room, with environmental controlled conditions 

(temperature: 27 °C; humidity: 60%). In particular, the room had an unobstructed floor 

area available to each weaner piglet of 0.40 m2, according to the Directive 2008/120/EC. 

Feed and water were provided ad libitum. 

 

Table 1. Composition of the basal experimental diet. In the tributyrin (TRIB) group, 0.2% of corn was 

substituted with 0.2% tributyrin. 

Items Basal Diet Basal Diet 

Ingredients  % as Fed Basis 

Barley, meal  25.15 

Wheat, meal  19.41 

Corn, flakes  14.03 

Corn, meal  4.85 

Soybean, meal  4.65 

Soy protein concentrates  4.11 

Biscuits, meal  4.00 

Dextrose monohydrate  3.50 

Wheat middling  4.32 

Whey protein concentrate  3.00 

Fish, meal  2.50 

Milk whey  2.50 

Coconut oil  1.00 

Soy oil  1.00 

Plasma, meal  1.00 

Organic Acids 1 1.00 

Dicalcium phosphate  0.85 

Animal fats  0.70 

L-Lysine  0.50 

Benzoic acid  0.40 

L-Threonine  0.35 

DL-Methionine  0.35 

Sodium Chloride 0.27 
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Vitamins 2  0.25 

L-Valine (96.5%)  0.15 

L-Tryptophan  0.08 

Flavouring 3 0.04 

Copper sulphate 0.04 

Calculated Nutrient Levels 4  

Crude protein  16.92 

Ether extract  5.06 

Crude fibre  3.15 

Ash  5.1 

DE 5 (Mc/Kg)  3.43 
1 Organic acids: formic acid, sodium formate, sorbic acid, orthophosphoric acid, calcium formate, citric 

acid, and fumaric acid; 2 Vitamins and vitamin-like compounds per kg: vitamin A, 10,000; vitamin D3, 

1000 IU; vitamin E, 100 mg; vitamin B1, 3 mg; vitamin B2, 96.3 mg; vitamin B6, 5.8 mg; calcium D-

pantothenate, 27 mg; vitamin B12, 0.040 mg; vitamin K3, 4.8 mg; biotin, 0.19 mg; niacinamide, 35 mg; 

folic Acid, 1.4 mg. Choline chloride 120 mg, betaine chloride 70 mg; 3 vanilla flavouring; 4 Calculation 

performed with Purimix software (Fabermatica, Cremona, Italy); 5 DE: digestible energy content 

estimated from NRC (2012). 

 

2.2. Zootechnical Evaluation 

The body weight was individually measured on day 0, day 14, day 28 and day 

40. Average daily feed intake (ADFI) was calculated weekly by weighting the feed 

refuse of each pen (experimental unit for the zootechnical analyses). Average daily 

gain (ADG) was calculated from day 0 to 14, from day 14 to 28 and from day 28 to 40. 

Gain to feed ratio (G:F) was calculated from day 0 to 14, from day 14 to 28 and from 

day 28 to 40. The health status of the piglets was monitored daily and mortality was 

registered. 

 

2.3. Protein Content in Faecal Samples 

The Crude Protein (CP) in faecal samples, strictly depending on dietary protein 

level, was analysed in order to evaluate the protein excretion as indirect parameter to 

estimate the protein utilization and digestibility. Faecal samples were individually 

collected from rectal ampulla from a subset of animals (n = 48, 4 piglets for each pen, 

50% female and 50% male) on day 40 and stored at -20 °C for further analyses. The 

samples were analysed following Official methods of analysis [20]. In particular, dry 

matter (DM) was obtained by inserting 2 g of faecal samples in previously weighed 

aluminium bags and dried in a forced-air oven at 105 °C for 24 h. The dried samples 

were then weighted and analysed for the protein content with the Kjeldahl method 

[20]. 

 

2.4. Blood Sample Collection and Biochemical Analyses 

Blood was collected from the jugular vein from a subset of animals (n = 48, 4 

piglets for each pen, 50% female and 50% male) randomly selected in each treatment 
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group on day 40. Blood samples were collected into vacuum tubes from each animal 

and maintained for 2 h at room temperature. All samples were centrifuged at 3000 rpm 

for 10 min at 4 °C. Serum was removed and the aliquots were stored at -20 °C for 

further analysis. The concentration of total protein (g/L), albumin (g/L), globulin (g/L), 

albumin/globulin (A/G ratio), urea (mmol/L), alanine aminotransferase (ALT-GPT, 

IU/L), aspartate aminotransferase (AST-GOT) IU/L, phosphatase alkaline (ALP) UI/L, 

total bilirubin (µmol/l), glucose (mmol/L), total cholesterol mmol/L, high-density 

lipoproteins (HDL) and low-density lipoproteins (LDL) fraction, calcium mmol/L, 

phosphorus (mmol/L), magnesium (mmol/L) were determined by multiparametric 

auto-analyser for clinical chemistry (ILab 650; Instrumentation Laboratory Company, 

Lexington, MA, USA). 

2.5. Insulin and Leptin Evaluation by Enzyme-Linked Immunosorbent Assay (ELISA)  

Blood was collected from the jugular vein of the piglets after one hour of fasting, 

on day 40 during the morning and within one hour in order to have homogeneous 

conditions and the most representative parameters. Serum insulin and leptin were 

evaluated through enzyme-linked immunosorbent assay (ELISA) kits specific for pigs 

(CEA44Po and SEA084Po, Cloud-Clone corp, Katy, TA, USA) according to 

manufacturer instructions. Samples (n = 24, 2 piglets per pen, 50% female and 50% 

male) were diluted (1:5) for leptin determination, as suggested by the instructions, and 

tested as fresh weight for insulin. Absorbances were measured with a microplate 

reader at 450 nm (Bio-Rad 680 microplate reader; Bio-Rad Laboratories, Inc., Hercules, 

CA, USA) and concentrations were calculated according to the respective standard 

curve. 

 

2.6. Hair Cortisol Extraction and Assay 

Hair samples were collected in one sampling time on the back, in the rump 

region, from a subset of animals (n = 48, 4 piglets per pen, 50% female and 50% male) 

randomly selected on day 40. According to Casal et al. [21] the hair follicle was not 

included in the sample, to avoid contamination from blood, and for the potential 

endocrine activity. The four samples were pooled in one sample that was then 

analyzed, for a total of 12 samples. Cortisol extraction was performed following the 

method of Burnett et al. [22], and partially modified according to Koren et al. [23]. At 

the end of extraction, the samples were centrifuged in a microcentrifuge (10 min; 3000 

rpm) and 0.8 mL of the supernatants were dried using a nitrogen flow at a temperature 

of 45 °C and stored at -20 °C until the time of analysis. 

Hair cortisol concentration was assessed using an Expanded Range High 

Sensitivity Salivary Cortisol ELISA kit (Salimetrics, State College, PA, USA) following 

previously validated protocols [21]. Concentrations were calculated using a 
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Labisystem Multiskan Ex (Midland, ON, Canada) microplate reader according to the 

relevant standard curves. Intra- and inter coefficient of variances were 8.8% and 9.3%, 

respectively. 

 

2.7. DNA Extraction and Real-Time Polymerase Chain Reaction (PCR) to Determine Gut 

Microbiota   

Bacterial DNA was extracted as previously reported by Patrone et al. [24]. Copy 

numbers of the 16S rRNA gene from Escherichia coli, Enterobacteriaceae, Bifidobacterium 

spp. and Lactobacillus spp. were quantified using previously reported primers [25–27]. 

Quantification was carried out in triplicate (n = 24, 2 piglets per pen, 50% female and 

50% male) using the LightCycler 480 Instrument II (Roche Diagnostics, Monza, Italy). 

Bifidobacterium spp., Lactobacillus spp. and Enterobacteriaceae were quantified using the 

KAPA SYBRR FAST (Kapa Biosystems, Inc; Wilmington, MA, USA) containing a 300 

nM final primer concentration. Instead, E. coli was quantified using the KAPA Probe 

FAST Master mix (Kapa Biosystems, Inc; Wilmington, MA, USA) containing 500 nM 

of primers and 100 nM of probe (final concentration). Primers and probe used for the 

quantification of E. coli were described by Penders et al. [25]. Bifidobacterium infantis 

ATCC 15697D and E. coli ATCC 700926D-5 genomic DNAs, used for preparing 

standard curves, were provided by the American Type Culture Collection (ATCC). 

Genomic DNA of Lactobacillus fermentum DSM20052 was obtained by extracting 5 mL 

of activated culture using the Genomic DNA extraction Kit (Promega) and quantified 

with a Qubit. Fluorometer (Invitrogen, Milan, Italy). Standard curves were obtained 

by 10-fold dilutions of genomic DNA for each reference genomic DNA. Results were 

obtained as ng of target/ng of total bacterial DNA and logarithmic transformation of 

real-time polymerase chain reaction (PCR) data was performed to achieve normal 

distribution. 

 

2.8. Statistical Analysis 

Data were analyzed using generalized linear mixed model through Proc 

GLIMMIX of SAS 9.4 (SAS Inst. Inc., Cary, NC, USA), and the repeated measures over 

time were included in the RANDOM statement. The model included the fixed effects 

of treatments (TRT), experimental day (D) and the interaction between the two factors 

was evaluated (TRT × D). The model also included the random effects of piglets nested 

within treatments. Tukey–Kramer studentized adjustments were used to separate 

treatment means within the two-way interactions. Within significant two-way 

interactions, slice option was used to separate means within a specific treatment and 

experimental days. Results are presented as least square means (LSMEANS) ± 

standard error (SE). Student t-test was used to analyse data obtained from the ELISA 
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assays and real-time PCR. Results are presented as means ± standard error (SE). Means 

were considered different when p ≤ 0.05. 

 

Results 

 

3.1. Zootechnical Evaluation 

No significant differences in the ADFI during the entire experimental period (p = 

0.0946) were observed. However, the treatment had a positive effect on the BW, with 

significantly higher weights at day 28 and day 40 (p = 0.0279 and p = 0.0006, 

respectively). The ADG was significantly higher from day 28 to day 40 in TRIB group 

compared to the CTRL group (p = 0.046). Moreover, during the whole experimental 

period a significantly higher G:F in the TRIB group was noticed (p = 0.049) (Table 2). 

Only one piglet of the CTRL group died at day 7. By contrast, no mortality was 

observed in the TRIB group. No differences were observed between male and female 

in the parameters analyzed.  

 

3.2. Protein Content in Faecal Samples 

The average protein content in faecal samples was significantly lower in the TRIB 

group compared to the CTRL group (19.5 ± 1.91 and 22.8 ± 1.48 % of DM, respectively; 

p = 0.039, DF = 3). The data are expressed as mean ± SD.  

 

3.3. Blood Sample Collection and Biochemical Analyses 

The serum concentrations of total protein, globulin, AST-GOT, ALT-GPT, 

phosphatase alkaline, total bilirubin, total cholesterol, calcium, phosphorus, 

magnesium and the LDL fraction did not significantly differ between the two 

experimental groups (Table 3). Dietary addition of tributyrin significantly increased 

the serum concentration of albumin (p = 0.0002), A/G (p = 0.0117), glucose (p = 0.0396) 

and HDL fraction (p = 0.0349). Moreover, the animals fed the diet supplemented with 

0.2 % tributyrin showed a significant decrease in the urea blood concentration (p = 

0.0026).  

Table 2. Weight gain and feed conversion rate of piglets fed on a diet supplemented with (TRIB; n 

= 60) or without (control group (CTRL); n = 60) 0.2 % tributyrin during the entire experimental 

period. 

 

    p-Value DF (num DF; Den DF) 

Items 1 CTRL TRIB SE TRT DAY TRT X DAY TRT DAY TRT X DAY 

BW (kg)    0.362 < 0.001 < 0.001 1; 10 3; 459 3; 459 

day 0 8.70 8.76 1.04       

day 14 11.10 11.84 1.04       

day 28 15.40a 17.10b 1.04       

day 40 20.10a  23.20b 1.04       

ADG (kg)     0.034 < 0.001 0.125 1; 10 2; 20 2; 20 

day 0–day 14  0.171 0.220 0.03       
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day 14–day 28  0.309 0.375 0.03       

day 28–day 40 0.395a 0.509b 0.03       

ADFI (kg)    0.095 < 0.001 0.139 1; 10 4: 40 4; 40 

day 0–day 14  0.327 0.426 0.03       

day 14–day 21 0.596 0.601 0.03       

day 21–day 28 0.797 0.901 0.03       

G:F (%)    0.049 0.189 0.160 1; 30 2; 30 2; 30 

Overall  51.4a 56.53b 1.76       

day 0–day 14  52.44 50.75 3.06       

day 14–day 28  52.26 62.06 3.06       

day 28–day 40 49.54 56.79 3.06       
1BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed 

ratio; TRT, treatment; DF, degree of freedom. Data are presented as least square means (LSMEANS) 

± SE. Different lowercase letters indicate significant differences between groups. Different 

superscripts indicate significant differences between groups (a,b: p ≤ 0.05). 

Table 3. Serum concentrations of the different parameters analysed in piglets fed on a diet 

supplemented with (TRIB; n = 60) or without (CTRL; n = 60) 0.2 % tributyrin. 

Items 1 CTRL TRIB SE p-Value DF 

Total protein content (g/L) 52.87 56.82 1.78 0.1314 21 

Albumin (g/L) 19.30 a 24.06 b 0.76 0.0002 21 

Globulin (g/L) 33.58 32.77 1.78 0.7504 21 

A/G * 0.58 a 0.78 b 0.05 0.0117 21 

Urea (mmol/L) 2.18 a 1.08 b 0.23 0.0026 21 

ALT-GPT * (IU/L) 38.33 32.91 1.87 0.0528 21 

AST-GOT * (IU/L) 54.16 48.27 4.10 0.3218 21 

ALP * (UI/L) 165.67 194.00 16.68 0.2432 21 

Total bilirubin (umol/l) 1.98 1.79 0.11 0.2425 21 

Glucose (mmol/L) 5.00 a 5.83 b 0.27 0.0396 21 

Total cholesterol (mmol/L) 2.50 2.73 0.09 0.1008 21 

Calcium (mmol/L) 2.28 2.44 0.07 0.1068 21 

Phosphorus (mmol/L) 3.05 3.19 0.10 0.3253 21 

Magnesium (mmol/L) 0.84 0.87 0.02 0.3726 21 

HDL (mmol/L) 0.76a 0.88b 0.04 0.0349 21 

LDL (mmol/L) 1.60 1.73 0.07 0.1961 21 

Creatinine (μmol/L) 78.91 72.18 4.79 0.3318 21 

Triglycerides (mmol/L) 0.68 0.63 0.05 0.5331 21 
1A/G, albumin/globulin; ALT-GPT, alanine aminotransferase; AST-GOT, aspartate 

aminotransferase; ALP, phosphatase alkaline; DF: degree of freedom. Data are presented as 

least square means (LSMEANS) ± SE. Different superscripts indicate significant differences 

between groups (a, b: p < 0.01). 

 

3.4. Insulin and Leptin Evaluation 

Serum leptin did not differ between TRIB and CTRL groups (1215.6 ± 112.29 

pg/mL and 1228.6 ± 121.09 pg/mL, respectively. p = 0.6649, DF = 25.8). On the contrary, 

insulin levels were significantly different between the treatment and the control 

groups (p = 0.0187, DF = 21.8). The average level of insulin in the TRIB group was 700.5 

± 42.35 pg/mL, while the CTRL group was 497.2 ± 67.84 pg/mL (Figure 1).  
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Figure 1. Serum insulin concentrations (pg/mL) in the control group (CTRL) and in the group of 

piglets fed a diet supplemented with 0.2 % tributyrin (TRIB). Data are presented as the mean ± SE. a,b: 

significant differences between groups (p = 0.0187). 

 

3.5. Cortisol Concentration 

Hair cortisol differed significantly between the TRIB and the CTRL groups (p = 

0.018, DF = 10). The average level of cortisol with the standard error (SE) of the CTRL 

group was 9.9 ± 0.63 pg/mg, while the TRIB group had an average concentration of 

13.5 ± 2.22 pg/mg (Figure 2).  

 

 

Figure 2. Hair cortisol concentrations (pg/mg) in the control group (CTRL) and in the group of piglets 

fed a diet supplemented with 0.2 % tributyrin (TRIB). Data are presented as the mean ± SE. a, b: 

significant differences between groups (p = 0.018). 

3.6. DNA Extraction and Real-Time PCR to Determine Gut Microbiota  

No significant differences in E. coli (p = 0.3823; DF = 11) and Enterobacteriaceae (p 

= 0.3217; DF = 11) content were detected between faecal samples of the two groups of 

animals (Figure 3). Instead, a significant reduction of lactobacilli (p = 0.0073; DF = 11) 

and bifidobacteria (p = 0.0003; DF = 11) was found in the TRIB group (Figure 4).  

a 

b 

a 

b 
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Figure 3. (a) Enterobacteriaceae abundance expressed as log ng of target/ng of total bacterial DNA in 

Table 0. % tributyrin. (b) E. coli abundance expressed as log ng of target/ng of total bacterial DNA in the 

faecal samples of the control group and in the group of piglets fed a diet supplemented with 0.2 % 

tributyrin. 

 

 
 

Figure 4. (a) Lactobacillus spp. abundance expressed as log ng of target/ng of total bacterial DNA in the 

faecal samples of the control group and in the group of piglets fed a diet supplemented with 0.2 % 

tributyrin. (b) Bifidobacterium spp. abundance expressed as log ng of target/ng of total bacterial DNA in 

the faecal samples of the control group and in the group of piglets fed a diet supplemented with 0.2 % 

tributyrin. 

 

4. Discussion 

The present study demonstrated that the tributyrin supplementation can 

influence positively the growth performance of healthy weaned piglets, showing the 

feeding effect on body weight, average daily gain, and G:F ratio. Results obtained in 

our study were consistent with the finding of Hou et al. [28] who found that 0.5% 

tributyrin in diet improved the growth rate and feed conversion ratio of piglets. 

Murray [29] showed that the inclusion of tributyrin at the inclusion rate of 0.25% and 

0.5% increased the growth and muscle hypertrophy related to its HDAC inhibition 

activity. Considering our results, we can suppose that in addition to the trophic effect 

on muscles, the higher weights were also induced by the trophic effect of tributyrin on 

the gastrointestinal tract, thus resulting in a larger absorptive surface and better 
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growth performance. The positive effects of the dietary tributyrin are related to the 

release of three molecules of butyrate directly in the intestine, which is a strong mitosis 

promoter [8] and provides a positive effect on intestinal cell proliferation, increasing 

crypt depth, villi length and mucosa thickness in jejunum and ileum [30]. The 

increased gut health enhances also the absorption capacity, which is of greater 

biological value during the weaning period [14, 30]. In fact, post weaning is a critical 

phase in pig livestock as several stressors can compromise the health status and the 

productive parameters of the piglets, causing limitations in the digestive and 

absorptive capacity [31]. The supplementation of organic acids reduces also the gastric 

pH, resulting in the increase of pepsin activity, gastric retention time and improved 

protein digestion [32]. However, the use of butyrate instead of tributyrin led to the 

rapid absorption of butyrate at stomach level, which causes a reduced availability in 

the intestine, where it plays a pivotal role [8]. Studies in piglets showed a positive effect 

of dietary butyrate on growth at 0.8% inclusion levels [33], even if Lallès et al. [34] 

showed a decreased feed intake in piglets following increased inclusion levels of 

butyrate, which may be associated with its pungent odour. In this study, the dietary 

inclusion of 0.2% tributyrin increased the growth performance without altering the 

feed intake, confirming both its good tolerability and its ability of influence the feed 

efficiency.  

Nutrition is a very important aspect of pig production which could affect blood 

metabolites [35]. In our study, the increase of serum glucose observed in the TRIB 

group compared with the CTRL group is probably associated with the higher body 

weights and growth performance. In fact, the glucose level is within the physiological 

range, according to other findings [36]. Moreover, we can suppose that butyrate, which 

possesses a note histone deacetylase inhibition activity [37], promoted β-cells 

development, proliferation and function as well as improved glucose homeostasis [38, 

39]. For these reasons, it has a key role in maintaining adequate glucose level in blood 

[40]. 

The observed increase of HDL fraction occurred without affecting the total 

cholesterol content in blood. HDL exhibits a variety of anti-atherogenic effects, 

including anti-inflammatory and antioxidant activity, and the promotion of 

cholesterol efflux, which not only affects foam cell formation but also positively affects 

the reverse cholesterol transport [41,42]. Nazih et al. [43] demonstrated that butyrate 

was the only fatty acid that significantly increased the synthesis and the secretion of 

ApoA-IV protein, which is a major component of HDL and promotes the synthesis of 

ApoA-IV-containing HDL [44]. Xiong et al. [45] showed that tributyrin 

supplementation in LPS-challenged broilers increased serum HDL compared to LPS-

challenged broilers without any feed supplement. Our study, together with previous 

results, showed that tributyrin might lead to positive effects on blood lipid regulation. 

ALT-GPT and AST-GOT were considered as indicator of potential liver damage. 

Considering our data, the tributyrin supplementation had no negative effects on 

hepatic functionality. 
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Albumin and as a consequence the albumin to globulin ratio was significantly 

higher in the TRIB group compared to the CTRL group. According to Dvoràk [46], 

albumin and A/G quotient increase gradually from birth until the post-weaning 

period. In particular, the better-growing piglets mostly had higher albuminemia, 

suggesting that nutrition, body growth and albumin synthesis are interdependent in 

piglets. In fact, albumin has been always linked to the nutritional status, as it rapidly 

increases after feeding and has always low levels during malnutrition [47]. In pigs, 

albumin is considered one of the most important predictors of performance, especially 

average daily gain and feed conversion ratio [48]. In accordance with these finding and 

Elbers et al. [49], our study demonstrated that piglets with higher ADFI and ADG had 

higher albumin levels. Moreover, in our study, insulin was significantly higher in the 

TRIB group compared to the CTRL group. Albumin is strongly related to insulin 

synthesis [50,51] and it is well known that insulin is associated with muscle protein 

synthesis [52,53]. Moreover, the data in our study were in the physiological range [49]. 

The same author demonstrated that piglets with higher serum albumin had also higher 

daily weight gain, in line with our study.  

Urea is a waste product physiologically produced by the liver when the body 

breaks down proteins and high levels in blood are related to kidney or liver problems. 

Our results revealed that tributyrin significantly decreased the serum urea in piglets. 

Usually, low urea nitrogen is associated with protein deficiency in the diet [54] 

however the formulation of our diet fit completely the nutrient requirement of piglets. 

In the last decade, different studies demonstrated that plasma urea nitrogen (PUN) 

concentration has also a strong and inverse relationship with the lean tissue growth 

suggesting that the better-growing piglets have the lowest PUN values. Whang and 

Easter [55] also demonstrated that blood urea nitrogen (BUN) in pigs is negatively 

correlated with lean gain and feed efficiency. Urea production should reflect not only 

alterations in the dietary intake of proteins but also an animals’ ability to retain dietary 

nitrogen in the body indicating the effective protein utilization [56]. This data, in line 

with the increased growth performance, is also reflected in the protein content of dried 

faeces and, together, these data could suggest better protein absorption and utilization. 

It is well known that the piglets have a relatively high gastric pH due to the scarce 

secretion of hydrochloric acid and pancreatic enzymes [57]. This typical condition led 

to limitations in the absorption and digestion processes and strategies to decrease the 

pH are used to overcome these problems. Organic acids can decrease the gastric pH 

[58] particularly tributyrin, resulting in the conversion of the pepsinogen into pepsin, 

thus increasing the activity of the proteolytic enzymes and improving protein 

digestion [16] Moreover, an in vitro experiment showed that butyrate enhanced the 

expression and activity of the peptide transporter PEPT1, located on the enterocytes, 

that has a key role in the protein-nitrogen absorption [59]. We suppose that in our 

study tributyrin ameliorated the protein absorption and utilization by the summation 

of different mechanisms: it principally lowered the gastric pH, thus activating the 

proteolytic enzymes; it increased the absorptive surface, due to its trophic effect on the 



  

143 
 

gastrointestinal tract and it probably enhanced the activity of peptide transporter on 

the enterocytes surface.   

Insulin increases rapidly after feeding and plays a key role in regulating the 

assimilation of nutrients. Studies in pigs in developmental ages showed that the 

increase in stimulation of muscle protein synthesis in piglets is mediated by the rise of 

insulin in a dose-dependent way and that this response declines with adult age [52,53]. 

According to He et al. [60], tributyrin exerted also a regulatory effect also on lipid 

metabolism, as demonstrated also by our findings. In line with these literature results, 

our study showed that tributyrin increased the levels of insulin and this result is 

probably related to the higher growth performance. Moreover, several studies showed 

that SCFAs stimulate insulin secretion in ruminants [61] In monogastrics, butyrate 

increases insulin sensitivity, decreasing insulin resistance [60]. SCFAs affect pancreatic 

beta-cell function by directly acting as HDAC inhibitors (promoting 𝛽-cell 

development, proliferation, and differentiation) or indirectly, leading to insulin release 

[62]. However, the effects of SCFAs on insulin secretion are controversial, as some 

authors report that there might be no direct effect at all [63].  

The increase of the cortisol concentration in stressful situations is an adaptation 

response of the organism to a changing environment. Studies in sheep demonstrated 

that ruminal infusion of a mixture of SCFAs (acetate, propionate and butyrate) 

increased plasma cortisol [64]. In piglets, Weber and Kerr [65] found that LPS-

challenged piglets fed butyrate 0.2% had higher serum cortisol if compared to LPS-

challenged piglets fed a basal diet. However, it is unknown whether butyrate infusion 

alone would elevate cortisol levels. Hillmann et al. [66] showed that mean cortisol 

levels in growing pigs were affected by the weight, and daily peaks of cortisol were 

higher with increasing weights. It is probable that the results of our study were related 

to higher body weights and not with tributyrin supplementation, however further 

studies are needed to better understand the role of tributyrin on cortisol level.  

It is well known that dietary, environmental and social stresses induced by 

weaning transition are associated with microbial shifts in piglets [67]. Therefore, post-

weaning is a critical period as it is associated with diarrhea and depression of growth 

performance. Gut microbiota plays a key role in both animal growth performance and 

healthy status. In this study, only E. coli, Enterobacteriaceae, Lactobacillus spp. and 

Bifidobacterium spp. were quantified by real-time PCR. We selected these bacterial 

groups because pathogens are present among the Enterobacteriaceae and, in particular, 

strains of E. coli that are involved in diarrhea and other diseases [68]. However, 

lactobacilli and bifidobacteria are beneficial bacteria in both humans and animals since 

the final products of their sugar fermentation play a crucial role in establishing a 

positive network among bacterial groups of gut microbiota [69,70]. In the pig, this 

consideration is partially true since Bifidobacterium genus represents a small portion of 

the total bacteria of the gut microbiota, suggesting that other microbial groups play a 

crucial role in conferring benefits to the healthy animal [71, 72]. Moreover, Sun et al. 

[73] described, in early-weaned piglets a reduction of Lactobacillus genus in the non-

diarrheic compared to diarrheic animals. According to Sakdee et al. [16], our results 
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shown no significant effects of tributyrin on the populations of E. coli and 

Enterobacteriaceae; on the contrary a significant reduction in Lactobacillus spp. and 

bifidobacteria has been observed. Similar decreases were obtained by sodium butyrate 

supplementation in jejunum samples collected in chicken. Indeed, using increasing 

doses of the supplementation, linear significant reduction in Lactobacillus counts was 

detected and the authors suggested an inhibitory effect of butyric acid on lactobacilli 

growth [74]. Tributyrin is neutral but after hydrolysis, one glycerol and three butyric 

acid molecules are released. As butyric acid is acidic, one of the possible hypotheses is 

that it acts by reducing the pH of the intestinal segment in which this hydrolysis 

occurs. Lactobacilli are resistant to low pH, but a sensitivity strain related could 

justified the reduction that we detected by real time PCR. Another possible 

explanation has been suggested by the results of an in vitro study conducted by Papon 

et al. [75]. In this paper, tributyrin showed a strong inhibitory effect on growth of 

Lactobacillus spp. strains. Interestingly, in that same study, no effects on cell growth of 

one Lactobacillus curvatus strain were detected in the presence of glycerol and butyric 

acid suggesting that tributyrin itself exert inhibitory action on bacterial cells. 

Moreover, Gresse et al. [76] demonstrated the dynamic of piglet microbiota across the 

intestinal tract, with the Lactobacillus genus having the highest relative abundance in 

the stomach, duodenum and ileum segments that are also the site in which tributyrin 

hydrolysis occurs [16]. We can suppose that the tributyrin exerts its inhibitory effects, 

before the hydrolysis, on sensitive Lactobacillus strains inhabiting these gastrointestinal 

segments. Concerning bifidobacteria, no equivalent studies focused on the tributyrin 

sensitivity of strains belonging to this genus are available in literature, but we can 

suppose similar inhibitory mechanisms or maybe a combination of low pH and butyric 

acid concentration. It is important to underline that the reduction, although significant, 

does not correspond to a dramatic drop in the content of both lactobacilli and 

bifidobacteria. Overall, for the Lactobacillus genus it seems that tributyrin has 

highlighted its gradual reduction that normally occurs in the weaning period [77] and 

for this reason, we take into consideration this modification as a signal that 

supplementation implies a gut microbiota modification. 

However, considering both the positive effect of tributyrin supplementation on 

animal performance and the modification of microbial populations detected, we can 

suppose that tributyrin influenced some different relationships between beneficial 

bacteria. Indeed, in weaning piglets a negative correlation between Lactobacillus and 

Residual Feed Intake (RFI) value has been described by McCormack et al. [78] 

indicating that this genus is correlated with a higher feed efficiency. However, no 

significant differences in relative abundances between high and low feed-efficient pigs 

were detected, indicating that other groups of bacteria play a crucial role in energy 

diet exploitation. On the other hand, OTU related to Butyrivibrio, a butyrate-producing 

bacterium, with high ability to ferment complex carbohydrates, was identified only in 

stools of high feed-efficiency piglets. These data suggest that groups of bacteria other 

than lactobacilli and bifidobacteria play a more relevant role in feed efficiency because 

of their ability to digest cereal-based diets introduced during weaning. 



  

145 
 

These microbiological aspects require further investigations in order to better 

understand not only the ability of tributyrin to modulate the gut microbiota 

composition but also the bacterial interactions that can be correlated to the growth 

performance and animal health. 

 

5. Conclusions 

Nowadays, a considerable number of research projects are being conducted to 

develop, improve and implement nonpharmaceutical approaches for enhancing 

animal health and performance. Our study demonstrated that tributyrin increased the 

growth performance and feed efficiency without affecting the feed intake, indicating 

a major and effective utilization of nutrients. In particular, a comprehensive look at 

our findings showed that tributyrin increase the protein absorption, utilization and 

synthesis. In fact, we found an increase of serum albumin and insulin and a decrease 

in serum urea and faecal protein excretion, resulting in higher ADG and G:F. This is 

probably due to the multiple beneficial effects of tributyrin, especially the ability to 

lower the gastric pH, thus activating the pepsin enzyme, and the trophic effect on the 

gastrointestinal tract, resulting in a larger absorptive surface, which are both of great 

importance in the post-weaned piglets. The higher concentration of the HDL fraction, 

glucose and also insulin suggested that tributyrin could have also a regulatory effect 

on piglets’ metabolism. Despite the reduction of bifidobacteria and lactobacilli cell 

number, considered as beneficial groups of bacteria, animal performances and healthy 

status were not affected. We can conclude that tributyrin influences gut microbiota 

and may exhibit an inhibitory effect on some sensitive groups of bacteria. This 

supplementation could have beneficial effects on animal performance through the 

development of different relationships between groups of bacteria within the intestinal 

communities. All these data suggested that tributyrin could be considered a valuable 

feed additive for weaned piglets and, for these reasons, it will be interesting to evaluate 

and investigate in depth gut microbiota and bacterial interactions.  
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Brief Introduction to the Study: 

Based on encouraging results observed in swine species the effect of tributyrin 

supplementation was evaluated in pre-weaning calves. Results demonstrated the 

ability of 0.3% of tributyrin in-milk supplementation in the decrease of diarrhoea 

frequency over 42 days of trial. Observed findings were in line with previous studies 

confirming the bioactive activity of tributyrin for the prevention of neonatal diarrhoea 

in calves. These findings confirms the potential use of tributyrin as interesting 

alternative to antibiotics also in bovine species during the pre-weaning phase. 

 

4.3 Evaluation of tributyrin supplementation in milk replacer on 

diarrhoea occurrence in pre-weaning Holstein calves 
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Abstract  

Neonatal calf diarrhoea (NCD) is one of the most important health challenges in cattle 

herds causing substantial economic losses and antimicrobial use. Due to the raising 

problem of antimicrobial resistance effective alternatives are urgently required, in line 

with European policies. The aim of this study was to evaluate the effect of tributyrin 

supplementation in milk replacer on diarrhoea, performance and metabolic status in 

pre-weaning Holstein calves. Twelve newborn calves, after colostrum administration, 

were randomly allotted in two experimental groups for 42 days: control (CTRL) fed 

milk replacer, tributyrin (TRIB) fed milk replacer supplemented with 0.3% of 

tributyrin on milk powder weight. Calves body weight was recorded on a weekly basis 

from day 7 to 42 and feed intake was recorded daily to calculate zootechnical 

performance. Faecal consistency was assessed daily through the faecal score (0-3 scale; 

considering diarrhoea moderate = 2 and severe = 3). Faecal samples were collected 

weekly from rectal ampulla for microbiological analysis by plate counting method 

evaluating the number of total bacteria, lactic acid bacteria and coliform bacteria. At 

day 0 and 42 individual blood sample were collected from jugular vein for metabolic 

profile analysis. Serum samples of day 42 were also evaluated for the antioxidant 

barrier using a colorimetric test, while glucagon-like peptide 2 and diamine oxidase 

concentrations were measured through immunoenzymatic assays. Tributyrin 
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supplementation did not influenced zootechnical performance of calves over 42 days 

of trial. Diarrhoea frequency was significantly lower in TRIB compared to CTRL group 

(27.91% and 38.37%; p < 0.01) considering the whole experimental period. In particular, 

TRIB group showed a significantly reduced frequency of moderate diarrhoea (p < 0.01) 

while severe diarrhoea did not differ between group, thus suggesting a preventive 

effect of tributyrin. Faecal total bacterial, lactic acid and coliform bacteria counts did 

not show differences between groups. Urea serum concentrations tended to be lower 

in TRIB compared to CTRL, indicating an efficient utilization of dietary protein. 

Antioxidant barrier and glucagon-like peptide 2 were comparable between CTRL and 

TRIB at day 42. Diamine oxidase concentrations were significantly decreased in TRIB 

compared to CTRL group after 42 days of trial (p < 0.01), suggesting a higher gut 

epithelial integrity probably due to lower diarrhoea frequency and the nourish effect 

of tributyrin on enterocytes. In conclusion, tributyrin could be considered as 

interesting functional feed additive to decrease the neonatal diarrhoea occurrence and 

support intestinal integrity in pre-weaning calves.  

 

Implications 

Neonatal calf diarrhoea significantly impacts the farms’ profitability. Antibiotic 

treatments are used to limit the detrimental effects of gastrointestinal infections. The 

global issue of antimicrobial resistance prompted all international organizations to 

support their judicious use and encouraged the research for sustainable alternatives to 

improve animal health and decrease pathologies incidence. In this study, the effect of 

tributyrin supplementation in milk replacer was evaluated in pre-weaning calves. 

0.3% of tributyrin supplementation significantly decreased the diarrhoea frequency 

and improved the intestinal integrity after 42 days. Tributyrin could be considered as 

interesting functional feed additive to prevent diarrhoea in calves during the pre-

weaning phase. 

 

Keywords: alternatives to antibiotics, short chain fatty acids, functional nutrition, feed 

additives, neonatal calf diarrhoea  

 

Introduction 

Neonatal calf diarrhoea (NCD) is a well-known and globally diffused disease in dairy 

farms, which negatively impacts profitability and animal welfare.  NCD can be the 

reason of 75% of calf mortality during the pre-weaning period (Khawaskar et al., 2021). 

Moreover, NCD is also related to indirect losses due to higher morbidity, increased 
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needs and costs of treatments and growth retardation, also with negative effects on 

further dairy career duration and productivity (e.g. delayed first calving) (Brunauer et 

al., 2021). NCD is a multifactorial disease where infectious agents, such as Rotavirus, 

Coronavirus, Escherichia coli, Salmonella spp., Clostridium perfrigens, Cryptosporidium 

parvum, and animal (age, immunity, general health status) and environmental-related 

factors (colostral consumption, calf housing, hygienic conditions) can concur to its 

onset and incidence (Cho and Yoon, 2014; Windeyer et al., 2014).  

To limit the incidence and detrimental effects of NCD, antibiotics are used to treat 

young animals (Eibl et al., 2021). Antimicrobial resistance is an important multi-

faceted issue on Earth, a transversal problem for several animal species (Rossi et al., 

2021), that requires to be coped with an integrated approach in line with One Health 

principles. Besides the ban of antibiotics as growth promoters in animal feeds 

(Regulation EC 1831/2003), the persistent emergence of this problem prompted the 

European Union to introduce more limitations for veterinary drugs use and promote 

their judicious use (Regulation EU 6/2019).  

Thus, alternative strategies to reduce the incidence of NCD in calves are required. 

Beyond satisfying all the dietary requirements, nutrition can become a vehicle of 

functional compounds, which can sustain the calves’ immune system, gastrointestinal 

development and functionality, thus reducing the risk of pathologies development 

(Grossi et al., 2021a; Grossi et al., 2021b). 

Butyrate is a short-chain fatty acid, also produced by bacteria in the gut, which nourish 

enterocytes for their development and proliferation. In addition, butyrate exerts an 

antimicrobial effect against a wide range of Gram + and Gram – bacterial strains 

(Namkung et al., 2011; Kovanda et al., 2019).  It has been demonstrated that dietary 

supplementation of butyrate salts can increase growth performance, stimulate 

gastrointestinal development, and enhance nutrient digestion in calves (Guilloteau et 

al., 2009; Górka et al., 2018; Liu et al., 2021). However, providing butyrate salts can be 

challenging due to their short half-life in blood plasma and unpleasant smell that may 

affect the feed palatability.  

Tributyrin (butanoic acid 1,2,3-propanetriyl ester), is a flavouring feed additive 

composed of three butyric acid molecules, that can be used as an alternative to 

overcome these challenges. In this form, it has a more favourable pharmacokinetics 

and does not have the butyrate-distinctive odour.  

Tributyrin dietary supplementation has been reported to enhance growth 

performance, intestinal morphology, digestive and barrier function in weaned piglets 

(Hou et al., 2014; Dong et al., 2016; Sotira et al., 2020). A recent study showed that 

tributyrin supplementation may shift gut microbiota population in weaned piglets by 
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increasing beta diversity and relative abundance of Desulfovibrio spp., Mucipirillum 

spp., Butyrivibio spp. and Oscillobacter spp. (Miragoli et al., 2021).  

The effect of tributyrin supplementation in calves has been investigated by few studies 

with controversial findings. Tributyrin is mainly released in the gut, possibly 

preventing NCD and improving digestion efficiency in pre-weaned calves fed milk 

replacers (Moquet et al., 2016) Gorka et al., 2021). Increased animal performance has 

been observed with butyrate supplementation in milk replacer in pre-weaning calves 

(Hill et al., 2007; Guilloteau et al., 2009). On the contrary, Aurajo et al. (2013; 2015) and 

Inabu et al. (2019) reported a reduction of zootechnical performance by supplementing 

tributyrin in calves.  

However, the effect of tributyrin supplementation on diarrhoea prevention has not 

been investigated yet. The aim of this study was to assess the effect of tributyrin 

supplementation in milk replacer as feed additive on diarrhoea occurrence, 

performance and metabolic status in pre-weaning Holstein calves. 

 

Materials and Methods 

Animal housing and experimental design 

The experimental trial was approved by the Animal Welfare Organization of 

University of Milan (OPBA authorization n° 79/2020) and performed in accordance 

with European regulations.  

After birth, twelve Holstein calves were fed with 4 L of high-quality colostrum by 

bottle feeding and housed in individual straw-bedded pens with free access to water 

under homogeneous environmental conditions for 42 days. After 24 hours, animals 

were randomly allotted in two groups, balanced per weight and sex: control group 

(CTRL) fed commercial milk replacer (Lattover, Veronesi Verona S.p.A., Verona, Italy) 

(Table 1), and tributyrin group (TRIB) fed milk replacer supplemented with 0.3% of 

liquid tributyrin (feed additive approved by the Reg. EC 1831/2003, code 2b09211; 

New Feed Team Srl, Lodi, Italy) on milk replacer powder. Dietary treatments were 

provided after colostrum assumption, animals fed twice per day increasing the 

amount of milk replacer, following routinely farm practices (Table 1).  Calves fed twice 

per day with 10% of body weight of reconstituted milk replacer for the entire trial 

following animals growth curve (Amaral-Phillips et al., 2006). 

 

Table 1. Nutritional composition of milk replacer. 

Analyte Composition (% as fed) 

CP 23.00 

EE 18.00 

CF 0.10 
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Ashes 7.50 

Lys 2.10 

Ca 1.00 

P 0.70 

Na 0.50 

Additives per Kg: Vitamins, pro-vitamins and substances with similar effect, Vitamin A 20000 IU, 

Vitamin D3 4000 IU, Vitamin E 100 mg, Vitamin C 150 mg, Vitamin B1 6 mg, Vitamin B2 12 mg, Vitamin 

B6 6 mg, Vitamin B12 80 mg, Niacin 30 mg, Calcium D-phantothenate 25 mg, Vitamin K3 4 mg, Betain 

hydrochloride 250 mg; Trace elements, Iron 75 mg, Copper 6 mg, Zinc 85 mg, Iodine 1 mg, Manganese 

30 mg, Selenium 0,3 mg. DM: dry matter; CP: crude protein; EE: ether extract; CF: crude fiber; Lys: 

lysine. CP: crude protein; EE: ether extract; CF: crude fiber.  

 

Zootechnical performance, diarrhoea frequency and sample collection 

Calves body weight (BW) was individually recorded weekly from day 7 to day 42. The 

average daily gain (ADG) was calculated by dividing weekly weight gain for the time 

period. Consumed milk was registered daily for the calculation of average daily feed 

intake (ADFI). The feed conversion ratio (FCR) was evaluated by dividing the ADG 

and ADFI on a weekly basis. Faecal consistency was scored on a daily basis for each 

animal using a four-point scale (0 = dry, 1 = normal, 2 = runny, 3 = watery) considering 

> 1 as diarrhoea (Santos et al., 2015; Gomez et al., 2017; Rossi et al., 2021). The frequency 

of diarrhoea was evaluated as the percentage of observations of animals with clinical 

signs of diarrhoea divided by the total observation performed over 42 days. Fecal 

samples were collected from rectal ampulla weekly for microbiological analysis.  

At day 0 and 42 blood samples were collected from jugular vein using vacuum tubes 

without anticoagulants for serum metabolite profile, antioxidant barrier, and 

immunoenzymatic analyses. 

 

Nutrient composition of the milk replacer 

The milk replacer used in this study was analysed in triplicate in terms of principal 

nutrients (AOAC, 2019): dry matter (DM), ether extract (EE), crude protein (CP), ash 

content. Dry matter (DM) was obtained by drying milk powder in a forced air oven at 

65 °C for 24 h (AOAC method 930.15). CP was determined by the Kjeldahl method 

(AOAC method 2001.11). EE was determined after acid hydrolysis (3N HCl) using 

ether extraction in the Soxtec system (AOAC method 2003.05). Ash content was 

obtained by incinerating samples in a muffle furnace at 550 °C (AOAC method 942.05). 

 

Microbiological analysis of faecal samples 

The faecal samples were analysed by plate counting method using three different 

culture media: Plate Count Agar (PCA) for total bacteria, De Man, Rogosa and Sharpe 

Agar (MRS) for lactic acid bacteria and Violet Red Bile Broth Agar (VRBA) for coliform 

bacteria. Briefly, 1 g of each sample was diluted in 9 mL of sterile 0.9% NaCl and 
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centrifuged (3000 rpm for 10 min) to collect the supernatant. Samples were serially 

diluted, and bacteria were enumerated by plate counting after 24 h of semi-anaerobic 

incubation at 37 °C using the overlay method for MRS and VRBA, and the inclusion 

method for PCA (Dell’Anno et al., 2021b). The lactobacilli:coliform ratio was calculated 

based on plate counting results which were expressed as log10 of colony-forming units 

per gram of dried faeces (log10 CFU/g). 

 

Metabolic profile, antioxidant barrier and immunoenzymatic evaluation of blood samples 

Serum samples collected at 0 and 42 days were obtained by centrifugation (3000 rpm, 

15 min), and analysed using a multiparametric autoanalyzer for clinical chemistry 

(ILab 650; Instrumentation Laboratory Company, Lexington, MA, USA) at 37 °C. 

Samples were analysed for the concentration of: total protein (g/L), albumin (g/L), 

globulin (g/L), albumin/globulin (A/G ratio), alanine aminotransferase (ALT-GPT; 

IU/L), glucose (mmol/L), urea (mmol/L), creatinine (µmol/L), total bilirubin (µmol/L), 

total cholesterol (mmol/L), triglycerides (mmol/L), high-density lipoprotein (HDL; 

mmol/L), low-density lipoprotein (LDL; mmol/L), phosphorus (mmol/L), and 

magnesium (mmol/L). 

Serum samples of day 42 were analysed through the Oxy-Adsorbent test (Diacron, 

Grosseto, Italy) to determine the serum antioxidant barrier according to manufacturer 

instruction. Endpoint absorbances were measured after 90 minutes of incubation at 

37°C using a UV-Vis spectrophotometer (V630 UV-Vis, Jasco GmBH, Pfungstadt, 

Germany) at 546 nm. 

Serum Glucagon-Like Peptide 2 (GLP2) and Diamine Oxidase (DAO) concentrations 

were also quantified on serum samples of 42 days by using enzyme-linked 

immunosorbent assay (ELISA) kits specific for bovine according to the manufacturer’s 

instructions (Bioassay Technology Laboratory, Shanghai, China). Absorbances were 

measured with a microplate reader at 450 nm (Bio-Rad 680 microplate reader, Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) and concentrations were calculated according 

to the respective standard curves. 

 

Statistical analysis 

Obtained data were tested for normal distribution with the Shapiro-Wilk test using 

JMP Pro 15 ® (SAS Inst. Inc., Cary, NC, USA). Results of zootechnical performance and 

plate counting were analysed using a linear model including the fixed effect of 

treatment (Trt), time (Time), the interaction between treatment and time (Trt x Time), 

while each animal was included as random factor. Frequencies of faecal score were 

converted into a dichotomous variable (normal/pathological), and observed 

frequencies were assessed using the Chi-squared test. Serum metabolites data were 
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evaluated after performing analysis of covariances (ANCOVA) to adjust the initial 

variability of serum samples. GLP-2, DAO and Oxy-Adsorbent values of 42 days were 

analysed using the Student’s t-test for unpaired groups. Pairwise comparisons were 

evaluated by using the Tukey’s Honestly Significant Difference test (Tukey’s HSD). 

Results were presented as least square means ± standard error (SE). Means or 

frequencies were considered statistically different when p ≤ 0.05. 

Results 

Nutrient composition of the milk replacer 

Milk replacer composition analysis showed results in line with product label and 

nutritional requirements of pre-weaning calves (Council, 2001) (Table 2). 

 

Table 2. Analysed nutrient composition of milk replacer. 

Analyte Composition (% as fed) 

DM 98.45±0.05 

CP 21.16±0.72 

EE 17.52±1.33 

Ashes 6.61±0.07 

DM: dry matter; CP: crude protein; EE: ether extract. Data are presented as means ± standard deviation. 

 

Zootechnical performance 

All calves showed no differences in zootechnical performance over the 42 days of trial 

(Table 3). From 7 to 42 days the BW, ADG and ADFI progressively increased without 

highlighting significant differences. ADG showed an average of 327.38±27.40 g/day for 

CTRL and 325.40±24.70 g/day for TRIB group over the 42 days of experimental trial. 
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Table 3. Zootechnical performance of the experimental trial (from day 7 to 42) divided by control 

(CTRL) and treatment (TRIB) group. 

   P-values 

 CTRL TRIB Trt Time Trt x Time 

BW, kg   0.8018 < 0.0001 0.9690 

d 7 37.57±2.59 36.47±2.59    
d 14 38.87±2.59 38.42±2.59    
d 21 42.02±2.59 40.53±2.59 

   
d 28 45.03±2.59 44.18±2.59    
d 35 48.88±2.59 47.93±2.59    
d 42 52.48±2.59 51.78±2.59 

   
ADFI, g/day  0.6534 < 0.0001 0.9295 

d 7-14 485.71±24.99 492.86±24.99    
d 14-21 529.76±24.99 557.14±24.99 

   
d 21-28 580.95±24.99 585.72±24.99    
d 28-35 639.29±24.99 661.90±24.99    
d 35-42 440.48±24.99 440.48±24.99 

   
ADG, g/day  0.4496 0.4162 0.8868 

d 7-14 346.26±95.60 464.08±95.56 
   

d 14-21 450.00±76.84 422.77±84.83    
d 21-28 430.95±76.84 521.43±76.84    
d 28-35 550.00±76.84 535.72±76.84 

   
d 35-42 514.29±76.84 550.00±76.84 

   
FCR, g/g   0.9018 0.7193 0.4531 

d 7-14 1.07±0.46 1.06±0.51 
   

d 14-21 1.15±0.46 0.98±0.46    
d 21-28 1.04±0.46 2.17±0.46    
d 28-35 1.50±0.46 1.11±0.46    
d 35-42 1.64±0.46 1.27±0.46 

   
Data are presented as least square means ± standard error of the means (SEM). BW: body weight; ADFI: 

average daily feed intake of milk replacer powder; FRC: feed conversion ratio; CTRL: control group fed 

milk replacer; TRIB: treatment group fed milk replacer supplemented with 0.3% of tributyrin (ACIFIS® 

Tri-B, New Feed Team, Lodi, Italy). 

 

Diarrhoea occurrence 

The diarrhoea occurrence showed a significant increase in diarrhoea frequency in 

CTRL group compared to TRIB group over the 42 days of experimental trial (38.37% 

for CTRL and 27.91% for TRIB group; p < 0.01). In particular, CTRL showed a higher 

frequency of diarrhoea during the period from 28 to 35 days compared to TRIB group 

(p < 0.01). Specifically, the frequency of moderate diarrhoea cases was significantly 

lower in TRIB compared to CTRL group over 42 days of trial, according to the faecal 

consistency score (p < 0.01; Figure 1). The frequency of severe diarrhoea did not differ 

between groups during the experimental period. 
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Figure 1. Frequency of moderate and severe diarrhoea cases registered on total observations during the 

42 days of trial for control (CTRL) and tributyrin (TRIB) group. 

Frequencies are presented as percentage of observation of animals with clinical signs of diarrhoea on 

total observation performed over 42 days. Moderate diarrhoea was defined as faecal score = 2 and severe 

diarrhoea was defined as faecal score = 3. Different lowercase letters indicate statistically significant 

differences between groups (p < 0.01). 

 

Faecal bacteria plate counting 

Plate counting of faecal samples did not show significant differences for coliform 

bacteria and lactic acid:coliform bacteria ratio (Table 4). Even if a significant effect of 

the interaction (Trt x Time) was registered for the total bacterial count and lactic acid 

bacteria, pairwise comparisons did not highlight any statistically significant 

difference. The total bacterial count of CTRL group tended to be increased at 7 days of 

trial compared to TRIB group (p=0.088). 
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Table 4. Microbiological evaluation by plate courting of faecal samples of control (CTRL) and tributyrin 

(TRIB) group over 42 days of trial. 

    P-values 

 CTRL TRIB SE Trt Time Trt x Time 

Total bacterial count 

(log10 CFU/g of dried faeces) 
   0.1069 < 0.0001 0.0119 

d 0 8.65 7.85 0.25    
d 7 8.63* 7.48* 0.25    
d 14 7.43 7.90 0.25    
d 21 7.12 7.38 0.25    
d 28 7.09 7.29 0.25    
d 35 7.37 6.85 0.25    
d 42 7.24 6.93 0.25    
Lactic acid bacteria 

(log10 CFU/g of dried faeces)    
0.2364 < 0.0001 0.0049 

d 0 8.22 7.36 0.26    
d 7 8.02 7.55 0.26    
d 14 7.28 7.61 0.26    
d 21 7.01 7.15 0.26    
d 28 6.63 7.09 0.26    
d 35 7.16 6.40 0.26    
d 42 6.18 7.07 0.26    

Coliform bacteria 

(log10 CFU/g of dried faeces)   
0.8515 < 0.0001 0.4058 

d 0 6.51 6.67 0.37    

d 7 7.02 6.28 0.37    

d 14 5.94 6.48 0.37    

d 21 4.84 5.60 0.37    

d 28 5.65 5.57 0.37    

d 35 5.74 5.59 0.37    

d 42 5.34 5.21 0.37    

Lactic acid:coliform bacteria ratio  

(log10 CFU/log10 CFU)    
0.5209 0.1756 0.3687 

d 0 1.29 1.14 0.09    

d 7 1.16 1.26 0.09    

d 14 1.24 1.21 0.09    
d 21 1.47 1.31 0.09    
d 28 1.18 1.27 0.09    
d 35 1.25 1.16 0.09    

d 42 1.36 1.21 0.09    
Data are presented as least square means (LSMEANS) ± standard errors (SE). *Asterisks indicate 

statistical tendency (p < 0.09). 
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Serum metabolic profile, antioxidant barrier level, glucagon-like peptide 2 and diamine oxidase 

concentrations 

Serum metabolic profile displayed no significant differences between CTRL and TRIB 

group for all the considered parameters (Table 5). Only, the urea level in TRIB group 

tended to be lower compared to CTRL at 42 days of trial (p = 0.058). 

The serum antioxidant barrier, evaluated trough Oxy-Adsorbent test, did not show 

significant differences between CTRL and TRIB group after 42 days (191.10±8.66 µmol 

HClO/mL and 211.22±8.66 µmol HClO/mL, respectively). Glucagon-like peptide 2 did 

not reveal statistical differences between experimental groups at day 42 of trial 

(97.25±3.36 ng/L for CTRL and 100.12±3.36 ng/L for TRIB group). Diamine oxidase 

hematic values were significantly lower in TRIB compared to CTRL group after 42 

days (Figure 2; p < 0.01). 

 

Table 5. Serum metabolites concentration at 42 days of trial divided by control (CTRL) and tributyrin 

group (TRIB). 

Serum Metabolite CTRL TRIB SE p-value 

Total protein content, g/L 52.55 54.55 1.48 0.3689 

Albumin, g/L 30.14 30.19 0.58 0.9568 

Globulin, g/L 22.75 23.98 1.27 0.5204 

Albumin/Globulin, g/L 1.38 1.33 0.07 0.6493 

Urea, mmol/L 2.39* 1.94* 0.14 0.0581 

Non-esterified fatty acids (NEFA), mmol/L 0.26 0.35 0.03 0.1388 

Glucose, mmol/L 5.14 5.11 0.37 0.9534 

Total cholesterol, mmol/L 3.71 3.86 0.32 0.7497 

Triglyceride, mmol/L 0.26 0.31 0.06 0.5526 

Aspartate aminotransferase (AST), IU/L 52.28 52.89 2.42 0.8625 

Gamma-glutamyl transferase, IU/L 38.75 25.91 10.45 0.4304 

Total bilirubin, µmol/L 3.34 2.93 0.47 0.5668 

Creatine kinase (CK), IU/L 173.44 139.56 24.90 0.3611 

Calcium, mmol/L 2.50 2.57 0.04 0.1886 

Phosphorus, mmol/L 2.48 2.52 0.08 0.7664 

Magnesium, mmol/L 0.81 0.80 0.03 0.8955 

Beta-hydroxybutyrate, mmol/L 0.03 0.02 0.01 0.6103 

High density lipoprotein (HDL), mmol/L 1.80 1.86 0.12 0.7214 

Low density lipoprotein (LDL), mmol/L 1.86 1.93 0.21 0.8235 

Data are presented as least square means (LSMEANS) ± standard errors (SE). *Asterisks indicate 

statistical tendency (p < 0.09). 
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Figure 2. Diamine oxidase serum levels measured at 42 days of trial for control (CTRL) and tributyrin 

group (TRIB). 

Data are expressed as least square means ± standard error (SE). Different lowercase letters indicate 

statistically significant differences between groups (p < 0.01). 

 

Discussion 

The present study investigated the effect of tributyrin supplementation in milk 

replacer on zootechnical performance, diarrhoea occurrence, metabolic, antioxidant 

and intestinal barrier status in pre-weaning calves. 

The inclusion of tributyrin in milk replacer in pre-weaned calves did not affect the 

growth performance over 42 days of trial. Accordingly, Inabu et al., (2019) registered 

no positive effect of tributyrin supplementation in milk replacer on animal growth in 

pre-weaning calves. Moreover, Frieten et al. (2017) observed that butyrate sodium salts 

supplementation in milk replacer did not display a positive effect on ADG in pre-

weaned calves. Newborn calves showed an initial decrease in BW during the first week 

after birth in both experimental groups. This could be ascribed to the high occurrence 

of diarrhoea registered from 0 to 7 days after birth (48.33% in CTRL and 36.90% in 

TRIB of total observations), which exert a well-known negative effect on growth 

performance (Karamzadeh-Dehaghani et al., 2021). After the first week, calves’ growth 

increased progressively in both groups without showing statistical differences.  

The incidence of diarrhoea was significantly lower in TRIB group over 42 days of trial. 

In particular, CTRL group registered an increased frequency of diarrhoea during the 

period from 28 to 35 days after birth. The inclusion of functional feed additives has 

been reported to positively impact animal health and prevent or decrease diarrhoea 

occurrence (Dell’Anno et al., 2021a; Stefańska et al., 2021; Abd El-Hack et al., 2022). 

Short-chain fatty acids are widely used as feed additives due to their antibacterial 

properties (Neath et al., 2022). Among them, butyrate plays a key role in the 
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maintenance of intestinal health and homeostasis. In particular, it has a histone 

deacetylase inhibitory activity that impacts gene expression by modulating chromatin 

structures. Several studies demonstrated that butyrate can stimulate the epigenetic 

regulation for anti-inflammatory and anti-carcinogenic effects (Guilloteau et al., 2010; 

Berni Canani et al., 2012; Du et al., 2021). In addition, butyrate can modulate the 

immune response by influencing the metabolism of different cell types such as 

macrophages (Zhou et al., 2014; Du et al., 2021). The tributyrin supplementation 

decreased the moderate diarrhoea occurrence over 42 days of trial, thus suggesting a 

modulation of intestinal homeostasis through its known effects for microbiota 

modulation (Miragoli et al., 2021), antimicrobial activity (Hansen et al., 2021) and 

trophic effect on enterocytes (Leonel et al., 2013). Tributyrin supplementation did not 

affect the severe diarrhoea cases, probably suggesting a lack of ability for controlling 

infections.   

Principal faecal microbial classes revealed no difference in the present trial, suggesting 

that tributyrin supplementation did not alter the number of total, coliform and lactic 

acid bacteria. Nevertheless, Miragoli et al. (2021) showed a positive effect, by 

increasing the beta diversity, on gut microbiota after tributyrin supplementation for 

40 days in pigs. More investigations are needed to establish the role of tributyrin 

supplementation on gut microbiota of pre-weaning calves.  

Blood metabolic profile showed a tendency to decrease for the urea concentration in 

TRIB compared to CTRL group after 42 days. Urea is a final product of liver synthesis 

from protein metabolism, and its concentration can be considered as index of protein 

balance and feed efficiency (Waguespack et al., 2011). In general, an increased urea 

level is considered indicative of scarce nitrogen utilization, and poor protein 

digestibility (Pan et al., 2021; Terré et al., 2021). Besides influencing the intestinal 

development, butyrate supplemented through the milk replacer can also improve 

pancreatic functionality, with greater enzyme secretions and thus a more efficient use 

of feed nutrients, especially amino acids (Hill et al., 2007; Górka et al., 2018). 

Accordingly, Hill et al. (2007) reported a lower level of urea in pre-weaned calves 

supplemented with butyrate. In addition, Sotira et al. (2020) observed a decreased 

serum urea concentration in pigs by dietary supplementation of tributyrin for 40 days, 

suggesting a more efficient protein utilization.  

Serum GLP-2 and Oxy-Adsorbent test data revealed no differences between 

experimental groups after 42 days of trial. GLP-2 is a 33 amino acids peptide produced 

from intestinal L cells after feed ingestion, that plays an important role in the gut 

morphology and functionality (Khan et al., 2017; Hatew et al., 2019) and its blood level 

can be a useful indicator of intestinal development (Mutanen and Pakarinen, 2017; Pyo 

et al., 2020). Oxy-Adsorbent test measures the blood antioxidant barrier as the capacity 
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of serum samples to counter the oxidative stress induced by HClO. These results 

suggest that tributyrin supplementation did not impair the intestinal morphology and 

serum antioxidant barrier, confirming also the good health status of animals at the end 

of the trial. 

DAO concentration in blood serum was significantly lower in TRIB group after 42 days 

of tributyrin supplementation compared to CTRL group. DAO is an anti-histaminase 

enzyme produced by enterocytes and secreted into the lumen during the digestion 

process (Fukuda et al., 2019). Serum DAO concentration can be considered an indirect 

biomarker of mucosal integrity (Li et al., 2018). Indeed, higher DAO concentration in 

blood flow was associated with mucosal damage (Cai et al., 2019; Ren et al., 2022; 

Zhang et al., 2022b). Cresci et al. (2017) demonstrated the positive impact of tributyrin 

supplementation to reduce ethanol-induced damage supporting intestinal barrier 

healing from injury. Specifically, the inclusion of butyrate in milk replacer showed to 

modulate the gut microbiota, increase mitosis and decrease apoptotic index in the 

duodenum and jejunum resulting in a thicker tunica mucosa and longer intestinal villi 

both (Guilloteau et al., 2009; Górka et al., 2018; O’Hara et al., 2018). The observed 

decreased concentration of DAO could be ascribed to the positive effect of butyrate on 

gut epithelium integrity and the lower diarrhoea occurrence registered in TRIB group.  

 

Conclusions 

Dietary supplementation of 0.3% of tributyrin in milk replacer to Holstein calves for 

42 days during the pre-weaning period decreased the diarrhoea occurrence by 

reducing the frequency of moderate episodes. Tributyrin tended to lower urea serum 

concentration, indicating an efficient protein utilization, and significantly lowered the 

diamine oxidase concentration in blood serum, suggesting a higher gut epithelial 

integrity of supplemented group compared to control after 42 days. 

This study demonstrated the potential use of tributyrin as functional feed additive to 

prevent the neonatal calf’s diarrhoea and support intestinal integrity. More studies are 

required to investigate the effect of tributyrin supplementation on gut microbiota in 

pre-weaning calves. 
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Brief Introduction of the Study: 

The following article contribution to the field of novel ingredients for sustainable animal 

nutrition and alternatives to antibiotics. In particular, the use of leonardite in pig nutrition is 

a pioneering topic with great potential due to the interesting functional characteristics of 

leonardite. The study highlighted that the dietary supplementation of leonardite in weaned 

piglets can improve growth performance and modulate the lipid metabolism. Among the most 

interesting results, leonardite supplementation increased serum albumin, calcium, 

phosphorus and magnesium concentrations suggesting a positive contribution to the protein 

status and a promotion of mineral uptake. In conclusion, the study proposed the inclusion of 

the lowest percentage of leonardite tested in literature that showed an increase of animal 

performance, allowing to maximise the cost-benefit of using functional compounds in feed. 

Leonardite represents a very interesting ingredient for improving animal growth with a 

positive impact on profitability and sustainability of the farm. 
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Abstract  

We evaluated the effects of leonardite supplementation, mainly composed of humic 

acids (HAs), as a functional feed additive in weaned piglets. One hundred and twenty 

piglets (Large Withe × Landrace) were weaned at 28±2 days, and randomly divided 

into two groups (6 pens per group, 10 piglets per pen). After one week of adaptation, 

for 40 days groups were fed a control diet (CTRL) and an HA enriched diet (0.25% of 

leonardite; HAG). Body weight (BW), average daily feed intake (ADFI), average daily 

gain (ADG), feed conversion ratio (FCR) were measured throughout the experimental 

period. On the last day of the trial four piglets per pen were randomly selected and 

the blood was collected to evaluate the serum metabolic profile and diamine oxidase 

content. 

Chemical analyses showed that leonardite was characterized by a high content of ash 

23.27% (as-fed basis), polyphenolic content of 35.18±3.91 mg TAEq/g, and an 

antioxidant capacity of 73.31±8.22 µmol TroloxEq/g. 

The HAG group showed an increase in BW, ADG and ADFI (P < 0.01) compared to the 

CTRL group during the experimental period. In terms of the serum metabolic profile, 

the HAG group showed a significant increase in total protein content (P < 0.001), 

albumin (P < 0.001), albumin/globulin ratio (P < 0.01), phosphatase alkaline (P < 0.01), 

calcium, phosphorus and magnesium (P < 0.05) compared to the CTRL group.  

A modulation in the serum lipid profile was recorded. The HAG group showed a 

decrease in total triglycerides (P < 0.05) with higher total cholesterol (P < 0.05), however 

only high-density lipoprotein showed a significant increase (P < 0.001) compared to 

the CTRL group. No significant differences in the amount of diamine oxidase were 

found between groups.  

In conclusion, leonardite inclusion in the diet at 0.25% was shown to have a positive 

effect on the serum lipid profile and animal growth. This thus suggests that leonardite 

can be considered as a new feed additive, which improves the health and performance 

of weaned piglets.  

 

Keywords: functional feed, humic acids, leonardite, weaned piglets, antioxidants, feed 

additives 

 

1. Introduction 

Weaning is recognized a stressful period in intensively reared pigs, with a high 

occurrence of multifactorial diseases which are the most common reason for the use of 

antibiotics (Zhao et al., 2007). Managing weaning correctly is crucial, as it influences 
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the use of antibiotics as well as long-term profitability. The European Food Safety 

Authority (EFSA) recommends adopting an integrated strategy in food-producing 

animals, reducing and also replacing the antibiotics with novel functional feed and 

additives (Cormican et al., 2017). Functional feed additives thus play a pivotal role, 

particularly concerning gastrointestinal disorders (Rossi et al., 2012; Heo et al., 2013). 

Among many alternatives, leonardite which is used in veterinary practice for treating 

diarrhoea in horses, ruminants and poultry, has been proposed for preventing 

diarrhoea in animals (Ozturk et al., 2012; Domínguez-Negrete et al., 2019). 

Leonardite is a microbial-derived product mainly composed of humic acids (HAs), 

which are derived from the decomposition of organic matter, usually exploited for the 

fertilization of soil. HAs also protect the mucosa of the intestine, with recognized anti-

inflammatory, antiphlogistic, adsorptive and antitoxic proprieties (Islam et al., 2005; 

Aksu and Bozkurt, 2009). 

Natural humic substances may provide benefits to piglets’ health during post-weaning 

(Trckova et al., 2017). They have shown antioxidant proprieties that could sustain the 

animals during the stressful period of weaning. They have also shown antimicrobial 

activity against pathogens leading to a decreased incidence of diarrhoea and better 

growth performance also modulating the animal’s metabolism (Wang et al., 2008; 

Aeschbacher et al., 2012). 

Humic acids and their sodium salts are permitted for oral use (inclusion level: 500-

2000 mg/kg of body weight) in horses, ruminants, swine and poultry for the treatment 

of diarrhoea, dyspepsia and acute intoxications (EGTOP/1/2011). Lower levels of 

humic substances used as a feed additive (2-10 g/100g of diet) in the pigs’ diet seem to 

demonstrate that they improve growth performance and meat quality, also reducing 

ammonia emissions from manure (Ji et al., 2006; Wang et al., 2008; Kim et al., 2019).  

Although encouraging findings concerning the use of HAs as a prophylactic tool for 

intestinal health have been reported, the inclusion of leonardite as a feed additive to 

promote growth, has not been extensively investigated. Several studies have revealed 

discordant findings in vivo probably due to the wide range of doses tested and the 

wide variability in the composition of humic-based products (Trckova et al., 2015; 

Kaevska et al., 2016; Trckova et al., 2018).  

We focused on the inclusion of leonardite as a feed additive aimed at not substantially 

modifying the nutrient balance in the diet in order to simply be able to exploit the 

functional proprieties of leonartide. The aim of this study was thus to evaluate the 

effect of leonardite included at 0.25%, as a natural material rich in HAs, on the 

principal metabolic parameters and growth of weaned piglets. 

Leonardite was also assessed in terms of its chemical composition, phenolic content, 

and antioxidant capacity. 
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2. Materials and Methods 

2.1 Chemical evaluation of experimental diets and leonardite 

The experimental diets and leonardite (Commission Regulation EU 2017/1017), 

registration number 13.10.2; purchased from New Feed Team S.R.L. (Lodi, Italy) were 

characterized in terms of their principal constituents: humidity, ether extract (EE), 

crude protein (CP), crude fiber (CF), and ash contents. The samples were analysed in 

duplicate following official analysis methods (AOAC, 2005). Dry matter (DM) was 

obtained by inserting samples into previously weighed aluminium bags, which were 

dried in a forced-air oven at 105°C for 24 h (AOAC method 930.15). 

Ash was obtained using a muffle furnace at 550°C (AOAC method 942.05). CP was 

determined by a Kjeldahl method (AOAC method 2001.11). EE was determined using 

ether extraction in the Soxtec system (DM 21/12/1998). CF was determined by the 

filtering bag technique (AOCS method Ba 6a-05).  

The mineral composition of the two experimental diets and leonardite were evaluated 

after mineralization with inductively coupled plasma mass spectrometry (ICP-MS). 

First, calibration curves for each element considered (Na, Mg, Al, K, Ca, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, As, Se, Mo, Cd, Pb, P) were obtained using certified reference materials. 

Dried samples (0.3 g) were digested by a microwave digestion system (Anton Paar 

MULTIWAVE-ECO) in Teflon tubes filled with 10 mL of 65% HNO3 by applying a 

one-step temperature ramp (at 120°C in 10 min and maintained for 10 min).  

The mineralized samples were cooled for 20 minutes and then transferred into the 

polypropylene test tubes. Mineralized samples were diluted 1:100 with 0.3 M HNO3 

in MilliQ Water. The concentration of elements was measured by ICP-MS (BRUKER 

Aurora-M90 ICP-MS). In order to check the nebulization performance, an aliquot of a 

2 mg/L of an internal standard solution (72Ge, 89Y, 159Tb) was added to the samples  to 

produce a final concentration of 20 µg/L. Polyatomic interference was removed using 

a collision-reaction interface (CRI) with an H2 flow of 80 mL/min through skimmer 

cone. The fatty acid profile of the experimental diets was analysed starting with the 

total lipid extraction and preparation of the fatty acid methyl esters (Christie and Han, 

2003). The fatty acid analysis was carried out using gas chromatography (TRACE GC 

Ultra, Thermo Fisher Scientific, Rodano, Italy) fitted with an automatic sampler (AI 

1300, Thermo Fisher Scientific) and flame ionization detector (FID). An RT-2560 fused 

silica capillary column (100 m × 0.25 mm × 0.25 µm film thickness; Restek, Milan, Italy) 

was used with a programmed temperature from 80°C to 180 °C at 3°C/min, then from 

180 °C to 250°C at 2.5 °C/min, which was then held for 10 min. The carrier gas was 

helium at 1.0 mL/min with an inlet pressure of 16.9 psi. A quantitative procedure was 

used where 1 mL of internal standard (1 mg/mL 23:0 methyl ester; N-23-M; Nu-Chek 
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Prep Inc., Elysian, MN, USA) was added prior to methylation. The fatty acid methyl 

ester (FAME) contents were quantified by weight as a percentage of the total FAMEs. 

All analyses were performed in duplicate. 

 

2.2. Polyphenolic content of leonardite 

The phenolic content of leonardite was evaluated by the Folin-Ciocalteu method 

following Attard et al. (2013). Polyphenolic extract was obtained by diluting 2.5 g of 

sample with 15 mL of methanol (100%), which was then allowed to macerate for 24 h 

at room temperature. The samples were centrifugated (3000 rpm, 10 min) and the 

supernatants were collected and stored at -20° C for further polyphenol evaluation. 

The assay was performed by reacting 50 µL of extracted sample/standard with 500 µL 

of Folin-Ciocalteu reagent (10% in water) and 400 µL sodium carbonate (1 M). The 

reaction mixture was left to stand for 15 min in the dark and the total phenolic content 

was determined spectrophotometrically at 630 nm (JASCO V-630 UV-VIS, Germany). 

Calibration curves were prepared with tannic acid from 480 µg/mL to 15 µg/mL as 

standard. The results were expressed as mg/100g of tannic acid equivalent (mg 

TAEq/100g).  

 

2.3. Trolox Equivalent Antioxidant Capacity assay (TEAC) 

Leonardite was evaluated for its antioxidant proprieties using an ABTS radical cation 

discoloration assay (Prior et al., 2005). First the dried samples were diluted in water 

(100 mg/mL) and adjusted from an initial pH of 3.5 to pH 9 by adding NaOH (1M) 

thus facilitating the solubilization of humic acids. The sample was then stirred for 24 

h at room temperature. The solution was centrifuged for 10 min at 3000 rpm, the 

supernatant was collected and stored at -20°C until the analysis. Before proceeding 

with the assay, the humic acid extract was adjusted to pH 7 with HCl (1M), filtered 

with an 0.45 µm syringe filter, and diluted in order to obtain a clear solution that would 

not alter the reading of the spectrophotometer. In order to assess a possible dose 

related antioxidant effect, the concentrations tested were: 5%, 2%, 1.25% of the humic 

acid original extract (Dell’Anno et al., 2020). The antioxidant activity was tested by 

adopting the ABTS assay, according to Prior et al. (2005). 

The reaction mixture with 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS•+) was generated by the reaction of 7 mM ABTS with 2.45 mM of K-persulfate. 

The reaction mixture was left to stand in the dark for 16 hours at room temperature 

and used within two days. The working solution of the ABTS•+ radical cation was 

obtained by diluting ABTS•+ in ethanol in order to obtain an absorbance of 0.700 ± 0.02 

OD at 734 nm at room temperature. First, a calibration curve was obtained using 

different concentrations (2000 µM, 1500 µM, 1000 µM, 500 µM, 100 µM, 0 µM) of 
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Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid) as standard. The 

assay was performed using 10 µL of diluted sample (standard and extract) added to 1 

mL of working solution (ABTS•+). The absorbances were recorded 

spectrophotometrically (JASCO V-630 UV-VIS, Germany) at 734 nm from 1 to 6 

minutes. The total antioxidant capacity was expressed as the percentage inhibition 

(PI), according to the equation: PI = [(AbsABTS•+ - Abs sample) /AbsABTS•+] × 100, 

where AbsABTS•+ denotes the initial absorbance of diluted ABTS•+, and the Abs 

sample denotes the absorbance of the sample at every 6 mins of reaction. Using 

appropriate calibration curves, the result was expressed as the equivalent 

concentration of µmol Trolox/g after six minutes of reaction (µmol TroloxEq/g). 

2.4. Experimental design and sample collection 

The experimental trial was approved by the Animal Welfare Body of the University of 

Milan (protocol No. 31/2019) and performed in accordance with European regulations 

(Commission Directive 2010/6/EU). It was conducted on a commercial farm that was 

free from pathologies included in the ex-list A of the World Organization for Animal 

Health (Porcine Reproductive Respiratory Syndrome, atrophic rhinitis, transmissible 

gastroenteritis, salmonellosis, Aujeszky disease). A total of 120 crossbred piglets 

(Large White × Landrace), weaned at 28±2 days (50% female and 50% male), were 

housed in 12 different pens, in homogeneous environmental conditions (27°C and 60% 

relative humidity). In order to guarantee a homogeneous weight intra-pen and inter-

group, the piglets (10 animals/pen) were randomly assigned to the control group 

(CTRL: 6 pens, 60 piglets) and treatment with an HA enriched diet (0.25% of 

leonardite; HAG: 6 pens, 60 piglets). The two experimental isoproteic and isoenergetic 

diets (Table 1) were formulated using Plurimix software (Fabermatica, Cremona, Italy) 

in order to meet the nutritional requirements for post-weaned piglets (NRC, 2012) and 

were provided by Ferraroni S.p.a. (Cremona, Italy). Both experimental diets were 

formulated including 1% coconut oil (Table 1), a raw ingredient characterized by high 

digestibility, as an enhancer of palatability for young animals, taking into account the 

balance in the saturated and unsaturated fatty acid ratio. After an adaptation period 

of seven days with the same basal diet, piglets were fed the experimental diets (CTRL 

and HAG) ad libitum from day 0 to day 40. Body weight (BW) was individually 

recorded using a validated scale at the beginning (d 0), day 14 (d 14), day 28 (d 28) and 

day 40 (d 40). Feed intake was recorded weekly for each pen by measuring the feed 

refuse per pen. Based on the BW results, the average daily gain (ADG), average daily 

feed intake (ADFI) and feed conversion ratio (FCR) were calculated. In terms of 

zootechnical performance, each pen was considered as the experimental unit. At day 

40, four animals from each pen were randomly selected, in order to collect faeces from 

the rectal ampulla of four animals per pen (total samples CTRL: n=24; total samples: 
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HAG n=24), and blood samples from the jugular vein of four animals per pen (total 

samples CTRL: n=24; total samples: HAG n=24) using vacuum tubes. The health status 

was evaluated daily and individual faecal consistency was scored weekly using a four-

level scale: 0 = normal (faeces firm and well formed), 1 = soft consistency (faeces soft 

and formed), 2 = mild diarrhoea (loose faeces, usually yellowish), 3 = severe diarrhoea 

(faeces watery and projectile). A faecal consistency score ≤ 1 (0, 1) was considered 

normal, whereas a faecal score > 1 (2, 3) was defined as indicative of diarrhoea (Rossi 

et al., 2014).  

 

Table 1. Diet composition of in vivo trial (% as fed basis) divided by control (CTRL) and treatment 

group fed with HA enriched diet (0.25%   leonardite). 

Items CTRL HAG 

Ingredients, % as fed basis   

Barley, meal 25.15 25.15 

Wheat, meal 19.41 19.36 

Corn, flakes 14.03 13.83 

Corn, meal 4.85 4.85 

Soybean, meal 4.65 4.65 

Soy protein concentrates 4.11 4.11 

Biscuits, meal 4.00 4.00 

Dextrose monohydrate 3.50 3.50 

Wheat middling  4.32 4.32 

Whey protein concentrate 3.00 3.00 

Fish, meal 2.50 2.50 

Milk whey 2.50 2.50 

Coconut oil 1.00 1.00 

Soy oil 1.00 1.00 

Plasma, meal 1.00 1.00 

Organic Acids1 1.00 1.00 

Dicalcium phosphate 0.85 0.85 

Animal fats 0.70 0.70 

L-Lysine 0.50 0.50 

Benzoic acid 0.40 0.40 

L-Threonine 0.35 0.35 

DL-Methionine 0.35 0.35 

Sodium Chloride 0.27 0.27 

Vitamins2 0.25 0.25 

L-Valine (96.5%) 0.15 0.15 

L-Tryptophan 0.08 0.08 

Flavouring3 0.04 0.04 

Copper sulphate 0.04 0.04 

Leonardite - 0.25 

Calculated nutrient levels4, % as fed basis   

Crude protein 16.92 16.88 

Ether extract  5.06 5.19 

Crude fiber 3.15 3.22 

Ashes  5.1 5.1 

DE5 (Mc/Kg) 3.43 3.43 
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1Organic Acids: formic acid, sodium formate, sorbic acid, orthophosphoric acid, calcium formate, citric 

acid, and fumaric acid. 
2Vitamins and vitamin-like compounds per kg: Vitamin A, 10,000; Vitamin D3, 1,000 IU; Vitamin E, 100 

mg; Vitamin B1, 3 mg; Vitamin B2, 96.3 mg; Vitamin B6, 5.8 mg; Calcium D-pantothenate, 27 mg; 

Vitamin B12, 0.040 mg; Vitamin K3, 4.8 mg; Biotin, 0.19 mg; Niacinamide, 35 mg; Folic Acid, 1.4 mg. 

Choline chloride 120 mg, Betaine chloride 70 mg. 
3Vanilla flavouring. 
4Calculation performed with Purimix software (Fabermatica, Cremona, Italy). 
5DE: digestible energy content estimated from NRC (2012).  

HA: humic acids; HAG: humic acid enriched diet group supplemented with 0.25% leonardite. 

 

2.5. Biological sample analysis 

Blood samples (4 animals/pen) were allowed to clot for 2 hours at room temperature. 

Serum samples were obtained by centrifugation and were evaluated by a 

multiparametric autoanalyzer for clinical chemistry (ILab 650; Instrumentation 

Laboratory Company, Lexington, MA, USA) at 37 °C for the following metabolic 

parameters: total protein content, albumin, globulin, albumin/globulin (A/G), urea, 

alanine aminotransferase (ALT-GPT), aspartate aminotransferase (AST-GOT), 

phosphatase alkaline (ALP), total bilirubin, glucose, total cholesterol, calcium (Ca), 

phosphorus (P), magnesium (Mg), total triglycerides, high-density lipoproteins 

(HDL), low-density lipoproteins (LDL), and creatinine. 

Diamine oxidase concentrations in serum samples (dilution 1:10), as an indirect 

marker of intestinal integrity (Zhang et al., 2013), were evaluated using a DAO 

enzyme-linked immunosorbent assay (DAO; Wuhan Fine Biotech Co., Ltd., China).  

The following conditions were used: 96-well pre-coated microplates were washed 

twice, after which 100 μL of standard or sample were added to each well and incubated 

at 37°C for 90 min. The plates were washed and 100 μL of diluted detection antibody 

were added to each well and incubated at 37°C for 60 min. After washing, 90 μL of 

TMB substrate solution were added to each well. The plate was left in the dark at 37°C 

for 15 min, then the reaction was stopped by adding 50 μL of stop solution to each 

well. Absorbance was measured on a plate reader at 450 nm (Bio-Rad 680 Microplate 

Reader; Bio-Rad Laboratories, Inc., Hercules, California, USA). For each plate, a 

calibration curve was adopted to calculate the DAO concentration of each sample 

using Curve Expert v. 1.4 software. The concentrations determined were expressed as 

nanograms of DAO per mL (ng/mL).  

Collected fecal samples were analysed by RT-PCR to estimate the bacterial DNA 

abundance of the main enteric microorganisms as the parameter of gut health. 

Bacterial DNA was extracted as reported by Patrone et al. (2018). Copy numbers of the 

16S rRNA gene from Escherichia coli, Enterobacteriaceae, Bifidobacterium spp. and 

Lactobacillus spp. were quantified using previously reported primers (Penders et al. 
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2005, Bartosch et al. 2004, Byun et al., 2004). Quantification was carried out in triplicate 

using the LightCycler 480 Instrument II (Roche Diagnostics, Monza, Italy). 

Bifidobacterium spp., Lactobacillus spp. and Enterobacteriaceae were quantified using 

the KAPA SYBRR FAST (Kapa Biosystems, Inc; Wilmington, MA) containing a 300 nM 

final primer concentration. On the other hand, E. coli was quantified using the KAPA 

Probe FAST Master mix (Kapa Biosystems, Inc; Wilmington, MA) containing 500nM 

of primers and 100 nM of the probe (final concentration). The primers and probes used 

for the quantification of E. coli were described by Penders et al (2005). Bifidobacterium 

infantis ATCC 15697D and E. coli ATCC 700926D-5 genomic DNAs, used for preparing 

standard curves, were provided by the American Type Culture Collection (ATCC). 

Genomic DNA of Lactobacillus fermentum DSM20052 was obtained by extracting 5 mL 

of activated culture using the Genomic DNA extraction Kit (Promega) and quantified 

with a Qubit™ fluorometer (Invitrogen, Milan, Italy). Standard curves were obtained 

by 10-fold dilutions of genomic DNA for each reference genomic DNA. Results were 

expressed as ng of target DNA/ng of total fecal bacterial DNA. The four samples 

analysed for each pen were considered as replicates for each treatment. 

 

2.6. Statistical analysis 

Data on zootechnical performance, biological samples, antioxidant capacity and 

diamine oxidase were evaluated using SAS 9.4 (SAS Inst. Inc., Cary, NC). Before 

analyses, all data were tested for normality with the Shapiro-Wilk test (for values > 0.9 

data were considered normally distributed). 

The data were analysed with the general linear model. The model included the effect 

of treatments, and for the zootechnical performance, the effect of time (Day) and the 

interaction between treatment and time (TRT x Day) were included. Tukey-Kramer 

studentized adjustments were used to separate the means, and the results were 

reported as LSMEANS and SEM or standard error (SE). Means were considered 

different when P ≤ 0.05 and tended to different if 0.05 < P ≤ 0.1. 

 

3. Results and Discussion 

3.1. Chemical characterization of experimental diets and leonardite 

Leonardite is a heterogeneous mixture of polydisperse material formed by 

humification. The variability of the environment during humification significantly 

influences the final composition of leonardite. This is confirmed by the wide 

heterogeneity of commercial products for animal nutrition. The chemical 

characterization of leonardite enabled our results to be compared with other findings.  
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Our results revealed that the main component of leonardite was ash, corresponding to 

23.27%, confirming the high content of minerals although a wide range from 15 to 70% 

on dry basis is reported in the literature (Chammui et al., 2014). Our experimental diets 

showed a mineral content in line with regulations (Regulation EC 1831/2003). 

Nevertheless, the high level of minerals did not notably alter the mineral levels as a 

result of the inclusion of 0.25% of leonardite in the diet, considering the maximum 

levels permitted by Reg. EU 1831/2011. This percentage inclusion also reduced the 

dustiness and obtained optimal mixing conditions during the feed production phases. 

The inclusion of leonardite did not affect the fatty acid profile of the diets (Table 2). 

Leonardite showed a high content of Ca, Fe and Al. The contaminants (As, Pb, Cd) 

were scarce and below the safety limits (Commission Regulation EU 1275/2013). 

Moreover, no contaminants (under the detection limits) were revealed in the diet 

supplemented with 0.25% leonardite.  

In order to reduce the emission of heavy metals into the environment and optimize the 

diet for a better exploitation of macro and microelements, the level of minerals in feed 

ingredients should always be evaluated in order to guarantee the correct diet 

formulation (Hejna et al., 2019) (Table 3).  

 

3.2. Polyphenolic content of leonardite 

Results from the Folin-Ciocalteu method revealed that leonardite was characterized 

by 35.18±3.91 mg TAEq/100g of polyphenols. Polyphenols such as hydroxytyrosol 

from olive oil, isoflavones from soy proanthocyanidins in grape seed extracts (Mennen 

et al., 2005), were evaluated as indirect indicators of the antioxidant proprieties of 

humic substances. The recommended dose of polyphenol intake in the human diet is 

396 mg/d (Ma and Chen, 2020). Polyphenols are commonly found in plants as 

secondary metabolites, which aid the plant in structural development and react to 

many biotic and abiotic stressors with well recognized antioxidant activities (Jessica et 

al., 2019). Our results confirmed that humic acids are a source of antioxidant 

compounds (Karadirek et al., 2016; Lv et al., 2018).  Considering the variability in the 

phenolic content of microbial-originated products, our results enabled us to identify 

the properties leonardite. 

Although the amount of polyphenols obtained was lower compared with other feed 

and food products (Castrica et al., 2019), the leonardite antioxidant capacity should be 

considered high because the phenolic content is comparable to round melon 

(Praecitrullus vulgaris). However its antioxidant capacity is higher than the µmol 

TroloxEq/g content of lemon and orange water-soluble extracts (Kaur and Kapoor, 

2002; Nilsson et al., 2005) which are considered as beneficial foods with positive effects 

on health. Humic acids can thus be considered as promising biologically-active natural 
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antioxidants for the development of new classes of pharmaceuticals for medicine 

(Khil'ko et al., 2011). 

 
Table 2. Chemical composition of diets for control group (CTRL), treatment group (HAG) and 

leonardite (LEO). All values are expressed as percentage as fed-basis (%). 

 CTRL HAG LEO 

DM  91.62 91.62 81.13 

CP  16.24 16.57 6.15 

EE 3.79 3.87 0.6 

CF 2.69 2.24 5.15 

Ashes 4.59 4.46 23.27 

DM: dry matter; CP: crude protein; EE: ether extract; CF: crude fiber; FA: fatty acids; FAMEs: fatty acid 

methyl esters; CTRL: control group; HAG: humic acid enriched diet group supplemented with 0.25% 

of leonardite; LEO: leonardite, humic acid-based feed ingredient. 

 

 

FA composition (% total FAMEs)  
CTRL HAG 

C 8:0 0.78 0.80 

C 10:0 0.74 0.81 

C 12:0 6.68 7.26 

C 14:0 3.82 4.05 

C 14:1 0.01 0.02 

C 15:0 0.09 0.09 

C 16:0 16.36 16.32 

C 16:1 0.81 0.81 

C 17:0 0.13 0.12 

C 17:1 0.06 0.06 

C 18:0 4.87 4.85 

C 18:1 n9 trans 0.06 0.06 

C 18:1 n9 cis 24.15 23.71 

C 18:2 n6 cis 35.49 35.18 

C 20:0 0.29 0.28 

C 18:3 n6 0.04 0.02 

C 20:1 0.67 0.63 

C 18:3 n3 2.62 2.64 

C 21:0 0.02 0.03 

C 20:2 0.10 0.14 

C 22:0 0.19 0.19 

C 20:3 n6 0.01 0.01 

C 22:1 n9 0.04 0.04 

C 20:3 n3 0.04 0.03 

C 20:4 n6 0.11 0.09 

C 22:2 0.02 0.02 

C 24:0 0.15 0.14 

C 20:5 n3 0.64 0.65 

C 24:1 0.05 0.04 

C 22:6 n3 0.90 0.92 



  

182 
 

3.3. Trolox Equivalent Antioxidant Capacity (TEAC) of leonardite 

Our results showed that the humic acid extract contained a dose-dependent 

antioxidant capacity (Figure 1; P < 0.0001), with a measured amount of 73.31±8.22 µmol 

TroloxEq/g after 6 minutes. This is in line with other studies on the antioxidant activity 

of humic substances (Aeschbacher et al., 2012; Smirnova et al., 2012), thus suggesting 

that the effect is probably related to the content of phenolic moieties as the most 

important electron-donating groups. In addition, the presence of acid groups (-COOH, 

-OH) suggests that these substances are capable of an antioxidant effect (Smirnova et 

al., 2012). The effectiveness of humic substances related to their dose-effect response 

has also been observed by the gas-volumetric method (Efimova et al., 2012). The results 

obtained from the latter study showed that leonardite has an antioxidant capacity, 

highlighting its possible positive effects on animal health by reducing oxidation. 

 

3.4. Zootechnical performance 

The final average body weight increased significantly in HAG piglets compared to the 

CTRL group confirming the positive effect of leonardite treatment on animal growth. 

The HAG group showed a higher average BW at d 40 compared to CTRL (P < 0.001).  

 

Table 3. Results of mineral profile analysed by ICP-MS of two experimental diets (CTRL and HAG diet 

supplemented with 0.25% leonardite) and leonardite (LEO, humic acids-based feed ingredient). All 

values are expressed as ppm as fed (mg/kg AF). 

 CTRL HAG LEO 

Na 1595.72 1697.16 1586.39 

Mg 1532.20 1588.64 1524.63 

Al 177.23 222.49 8763.21 

K 7621.32 8026.69 721.39 

Ca 4868.93 4995.59 8309.21 

Cr 2.57 2.78 7.69 

Mn 68.92 76.08 133.33 

Fe 262.84 316.43 6649.14 

Co n.d. n.d. 3.50 

Ni n.d. n.d. 6.33 

Cu 116.39 98.72 4.52 

Zn 133.08 146.15 10.75 

As n.d. n.d. 4.28 

Se 2.40 1.16 0.59 

Mo 0.81 0.59 n.d. 

Cd n.d. n.d. n.d. 

Pb n.d. n.d. 5.43 

P 6082.46 6339.63 n.d. 

n.d. = not detectable  

AF: as fed; CTRL: control group; HAG: humic acid enriched diet group supplemented with 0.25% 

leonardite; LEO: leonardite, humic acid-based feed ingredient. 
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Figure 1. Percentage inhibition of ABTS•+ of different concentrations of humic acids extract (blank: 0%; 

1.25%; 2% and 5%) measured by Trolox Equivalent Antioxidant Capacity (TEAC) assay.  

a-b means with different superscripts are significantly different between treatments (P < 0.0001). Data 

are expressed as least square means (LSMEANS) and Standard Error (SE). 

ABTS: 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid).  

 

HAG also showed a higher ADG from d 14-28 and from d 28-40 (P < 0.001, Table 4). 

The ADFI of the HAG group increased from d 14-28 and d 28-40 (P < 0.01; Table 4) 

compared to the CTRL group. The higher final body weight of the HAG group was 

due to a higher consumption of feed although the feed conversion rate did not show 

significant differences between groups (P > 0.05). 

Wang et al. (2008) observed a raised ADG with the inclusion of humic substances at 

5% and 10% in the diets of the pigs. Trckova et al. (2018) also demonstrated the positive 

effect of leonardite (supplementation levels of 20 g/kg in the diet) on BW, ADFI and 

ADG parameters of weaned piglets.  

Although it is still not clearly exactly how leonardite exerts its action, the 

improvements in zootechnical performance seem to be related to the capacity of humic 

substances to help ion transport through membranes, the protection of intestinal 

mucosa, the enhancement of enzymes activities, and the better nutrient digestion and 

adsorption (particularly proteins and minerals) (Trckova et al., 2018).  
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Table 4. Zootechnical performance of in vivo trial (from day 0 to 40) divided by control (CTRL) and 

treatment (HAG supplemented with 0.25% of leonardite) group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a-b means with different superscripts are significantly different between treatments (P < 0.05). 

Data are expressed as least squares means (LSMEANS) and standard error of the mean (SEM). 

BW: body weight; ADG: average daily gain; ADFI: average daily feed intake; FRC: feed conversion rate; 

CTRL: control group; HAG: humic acid enriched diet group supplemented with 0.25% of leonardite. 

 

Bai et al. (2013) estimated that the optimum level for increasing zootechnical 

performance was a 0.25% supplementation of fulvic acid. Therefore, a low 

concentration of HA inclusion may improve the growth performance with no 

influence on the diet composition and feed preparation. 

Regarding the health status of the animals throughout the experimental period, only 

one piglet died at d 7 in the CTRL group. This amounts to a mortality incidence of < 

1%, which could be considered as normal in common livestock farming. In both 

groups, clinical signs of diarrhoea occurred from d 14 to d 21 and was transient (on 

average lasting three days). The occurrence of diarrhoea (number of new animals with 

fecal score > 1/total animals per group) was 18.6% and 16.7% in the CTRL and HAG 

groups at d 14, respectively. The occurrence of diarrhoea was below the average post 

weaning levels (Carstensen et al., 2005; Laine et al., 2008).  

Our results confirmed the increase in BW, ADFI and ADG with a leonardite inclusion 

of 0.25%, demonstrating that a lower inclusion level could equally enhance the 

zootechnical performance thus also optimizing the use of leonardite as a feed additive. 

    P-values 

 CTRL HAG SEM± Trt Day Trt x Day 

BW, kg 
   

0.112 < 0.001 < 0.001 

d 0 8.71 8.72 0.871    

d 14 11.11 12.21  
   

d 28 15.44 18.36  
   

d 40 20.17a 24.25b  
   

ADFI, kg/d    0.003 < 0.001 0.254 

d 0-14  0.353 0.465 0.034    

d 14-28  0.651a 0.841b     

d 28-40  0.730a 0.891b     

ADG, kg/d 
   

< 0.001 < 0.001 0.535 

d 0-14 0.171 0.249 0.024    

d 14-28 0.310a 0.440b  
   

d 28-40 0.396a 0.491b  
   

FCR, kg/kg       
d 0-14 1,97 1,77 0,115 0.384 0.146 0.445 

d 14-28 1,93 1,79     

d 28-40 2,03 2,09     
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3.5. Biological sample analysis 

The results of the serum metabolic parameters showed that the HAG group had higher 

levels of total proteins, albumin, A/G ratio, phosphatase alkaline, glucose, cholesterol, 

calcium, phosphorous, magnesium, high density lipoprotein, creatinine and total 

triglycerides (P < 0.05, Table 5). 

All values were in the physiological range confirming that leonardite did not 

negatively affect the health status and should be considered as a safe feed additive. An 

increased albumin and total protein content are related to the age of piglets and their 

rapid growth (de Meer et al., 2000). The increased A/G ratio was a consequence of the 

higher albumin value, however no significant difference was observed for the globulin 

content, whose increase is often related to an inflammatory process (Bertoni et al., 

2008). 

The ALP content in serum showed a significant difference between the CTRL and 

HAG (P < 0.05) groups. ALP is an important marker of bone remodelling which is 

involved in cartilage maturation and calcification. ALP in serum is mainly synthetized 

by liver and bones, and is involved in the formation of phosphorous ions, whose 

combination with calcium leads to the formation of bone salts (Yuan et al., 2011). The 

increased ALP level in the HAG group could be explained by a growth burst of the 

piglets, also connected with a higher level of calcium and phosphorous in serum (P < 

0.05). 

The higher amount of serum magnesium (P < 0.05) in the HAG group suggests an 

enhanced response to stressors. Mg plays a crucial role as an enzymatic cofactor. When 

the animal is subjected to high levels of stress, catecholamines and stress-associated 

hormones are released leading to a shift in Mg from the intracellular to the 

extracellular space. This mechanism increases the urinary excretion of magnesium and 

subsequent decreases in the serum Mg concentrations. Thus, low serum Mg 

concentrations increase the release of stress-related hormones, thus establishing a 

feedback mechanism (Pouteau et al., 2018). Trckova et al. (2018) observed an increased 

amount of serum Mg, Ca and P in weaned piglets supplemented with leonardite (20 

g/kg of diet), thus confirming our findings and suggesting that humic substances could 

influence the mineral content of serum. 

Although the fatty acid profile of the experimental diet was not affected by the 

inclusion of leonardite, the HAG group exhibited an increased concentration of total 

cholesterol and decreased triglyceride levels compared with the CTRL group (P < 0.05). 
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Table 5. Metabolic profile analysis of blood serum divided by control (CTRL) and treatment group 

(HAG supplemented with 0.25% of HA) measured at day 40.  

a-b means with different superscripts are significantly different between treatments (P < 0.05).  

Data are expressed as least squares means (LSMEANS) and standard error of the mean (SEM). 

CTRL: control group; HAG: humic acid enriched diet group supplemented with 0.25% leonardite. 

 

The increased cholesterol levels could be related to an increased HDL (P > 0.05) 

without any changes in the LDL amount. The increase in HDL may be related to an 

increased Mg concentration, whose presence or absence is strictly related to the 

incidence of cardiovascular and metabolic diseases (Verma and Garg, 2017). These 

results may also be due to the presence of phenolic compounds in leonardite which 

are recognized by EFSA as important nutrients in protecting blood lipids from 

oxidative damage and the maintenance of normal blood HDL-cholesterol 

concentrations without increasing LDL (EFSA, 2011; 2012). 

In fact, total cholesterol concentration is an index of the lipometabolic status which 

includes the free and bounded forms of HDL (Wang et al., 2011). HDL protects blood 

vessels by decreasing cholesterol levels in the blood stream and guaranteeing their 

stabilization (Grela and Klebaniuk, 2007). These results suggest that leonardite has a 

positive effect on the lipidic metabolism as well as protecting blood vessels. 

Results from the serum DAO analysis did not show any significant differences 

between the CTRL (289.40±48.30 ng/mL) and HAG (263.13±33.95 ng/mL) groups. The 

intact intestinal barrier plays a central role in preventing systemic infection and in the 

maintenance of the health status. DAO is abundantly expressed in the duodenal and 

jejunal mucosa and, therefore, DAO activity is a non-invasive marker of alterations in 

Analyte CTRL HAG SEM± P-Value 

Total protein content, g/L 52.88a 61.45b 1.33 <0.001 

Albumin, g/L 19.31a 26.90b 1.25 <0.001 

Globulin, g/L 33.58 34.57 1.10 0.535 

Albumin/Globulin (A/G) 0.58a 0.81b 0.05 0.002 

Urea, mmol/L 2.18 2.30 0.32 0.799 

Alanine aminotransferase (ALT-GPT), IU/L 38.33 47.80 3.79 0.093 

Aspartate aminotransferase (AST-GOT), IU/L 54.17 50.10 3.32 0.397 

Phosphatase alkaline (ALP), IU/L 165.67a 228.50b 14.41 0.006 

Total bilirubin, µmol/L 1.98 2.40 0.24 0.238 

Glucose, mmol/L 5.00 5.94 0.35 0.075 

Calcium, mmol/L 2.28a 2.65b 0.06 <0.001 

Phosphorus, mmol/L 3.05a 3.73b 0.09 <0.001 

Magnesium, mmol/L 0.85a 0.97b 0.03  0.014 

Creatinine, µmol/L 78.92 90.80 4.43 0.073 

Total cholesterol, mmol/L 2.51a 2.92b 0.12 0.024 

High density lipoprotein (HDL), mmol/L 0.77a 1.00b 0.03 <0.001 

Low density lipoprotein (LDL), mmol/L 1.60 1.82 0.09 0.099 

Triglycerides, mmol/L 0.68a 0.51b 0.05 0.027 
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intestinal mucosal function and structure. Our results are in line with Liu et al. (2016) 

who showed an improvement in the gut barrier function, decreasing enteric diseases 

even without significant changes in serum DAO. An increased DAO level is often 

related to damage of the gut epithelium which releases this enzyme into the blood 

stream. Thus, the presence of DAO in healthy animals is usually scarce (Hou et al., 

2014). Considering no occurrence of diarrhoea during the biological sample collection, 

although not representing the only indicator of a gut’s barrier function, the detected 

levels of DAO did not reveal any intestinal alteration in either of the experimental 

groups.  

Our RT-PCR data on fecal samples showed a significant reduction in bifidobacteria 

and lactobacilli in the HAG compared to the CTRL groups. Regarding E. coli and 

Enterobacteriaceae, no difference in abundance was observed.  

Based on these preliminary data, it seems that leonardite particularly affects some 

groups of bacteria. Diarrhoea in piglets is often associated with specific pathogens, 

however the alteration in the gut microbiota composition can also be involved. In fact, 

Yang et al. (2017) analysed the gut microbiota of diarrheic neonatal piglets in which 

no pathogenic E. coli were detected. The authors found an increase in Prevotella spp. 

and a reduction in E. coli and some beneficial bacteria belonging to the Firmicutes 

phylum. This altered microbiota led to diarrhoea in neonatal piglets. Yang et al. (2017) 

results indicate that changes in terms of the relationship between different groups of 

bacteria can provoke the development of piglet diarrhoea. These microbiota 

modifications cause the onset of the inflammatory state as well as different nutrient 

degradation and adsorption abilities. Further analyses are required to investigate the 

ability of leonardite to modulate the composition of gut microbiota in order to 

understand the mechanisms of its beneficial effects on piglet performance that we 

found in our study (Figure 2). 
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Figure 2. Target DNA of principal microbial indicators of gut microbiota (A: Bifidobacterium spp., B: 

Lactobacillus spp., C: Escherichia coli, D: Enterobacteriaceae) on total bacterial DNA analysed with RT-PCR 

divided by control and LEO group supplemented with 0.25% leonardite.  
*means statistical differences between groups (P < 0.05) 

CTRL: control group; HAG: humic acid enriched diet group supplemented with 0.25% leonardite. 

 

Conclusions  

Dietary supplementation with 0.25% leonardite improved the zootechnical 

performance, serum lipidic profile and gut epithelium integrity, thus indicating a good 

general health status. The increased serum HDL and decreased total triglycerides 

suggest that leonardite is a promising feed additive to improve lipid metabolism. The 

higher serum Mg content found also suggests that leonardite supports an improved 

stress response in weaned piglets. 
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Brief Introduction to the Study: 

The following study was selected as 'editor's choice' by the scientific editors of MDPI's 

journal Animals as one of the best recently published articles of particular interest to 

readers and for the importance of its contribution to the field of research. The study 

proposes an innovative combination of feed additives never tested before, as result of 

previous publications that evaluated each compound individually, on the reduction of 

diarrhoea and gut microbiota modulation in weaned piglets. The following work was 

a conclusive study of a cycle of functional compounds evaluation that involved the 

assessment of tannin extracts, leonardite and tributyrin as alternatives to antibiotics. 

The results showed that the innovative mix of functional compounds significantly 

reduced the incidence of diarrhoea, increased the lactic acid:coliform bacteria ratio, 

decreased blood low-density lipoprotein (LDL) and modulated the gut microbiota. 

The article contributed to the scientific knowledge on alternatives to antibiotics for 

reducing antibiotic resistance and increasing the sustainability of pig farming. 
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Simple Summary: Replacing and reducing antimicrobial treatments in livestock 

farming has become crucial for animal, human and environmental health due to global 

concerns regarding antimicrobial resistance. Weaning is a stressful phase in which 

piglets can develop enteric disorders leading to the massive use of antibiotics. In this 

scenario, functional nutrition represents one alternative to reducing antimicrobial 

resistance. The aim of this study was to assess the effects of the dietary administration 

of the combination of tannin extracts, leonardite and tributyrin supplementation on 

weaned piglets. After weaning, piglets were divided into two experimental groups: 

one fed a basal diet (CTRL) and one fed a basal diet supplemented with 0.75% 

Quebracho and Chestnut tannin extracts, 0.25% leonardite and 0.20% tributyrin (MIX), 

respectively, for 28 days. Zootechnical performance and diarrhoea incidence were 

recorded. Microbiological and microbiota analyses were performed on faecal samples, 

and metabolic profile of blood serum was evaluated. The MIX group revealed a 

reduced incidence of diarrhoea and improved faecal consistency compared to the 

CTRL group. After 28 days, MIX revealed an increased lactobacilli:coliform ratio 

compared to CTRL, and the serum metabolic profile showed lower levels of low-

density lipoproteins, suggesting a modulation of the lipid metabolism. The results 

suggest that the combination of tannin extracts, leonardite and tributyrin could 

improve animal health, thus reducing diarrhoea occurrence in weaned piglets. 
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Graphical abstract: 

 
 

Abstract: The effects of the dietary administration of a combination of Quebracho and 

Chestnut tannins, leonardite and tributyrin were evaluated in weaned piglets. A total 

of 168 weaned piglets (Landrace × Large White) were randomly allotted to two 

experimental groups (6 pens/group, 14 piglets/pen). Animals were fed a basal control 

diet (CTRL) and a treatment diet (MIX) supplemented with 0.75% tannin extracts, 

0.25% leonardite and 0.20% tributyrin for 28 days. Individual body weight and feed 

intake were recorded weekly. Diarrhoea incidence was recorded by a faecal scoring 

scale (0–3; considering diarrhoea ≥ 2). At 0 and 28 days, faecal samples were obtained 

from four piglets/pen for microbiological and chemical analyses of faecal microbiota, 

which were then assessed by V3-V4 region amplification sequencing. At 28 days, blood 

from two piglets/pen was sampled to evaluate the serum metabolic profile. After 28 

days, a reduction in diarrhoea incidence was observed in the MIX compared to CTRL 

group (p < 0.05). In addition, compared to CTRL, MIX showed a higher 

lactobacilli:coliform ratio and increased Prevotella and Fibrobacter genera presence (p < 

0.01). The serum metabolic profile showed a decreased level of low-density 

lipoproteins in the treated group (p < 0.05). In conclusion, a combination of tannin 

extract, leonardite and tributyrin could decrease diarrhoea incidence and modulate 

the gut microbiota. 

 

Keywords: alternatives to antibiotics; antimicrobial resistance; feed additives; 

functional feed; tannins; leonardite; tributyrin; microbiota; diarrhoea incidence; 

weaned piglets 
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1. Introduction 

In livestock, alternatives to antibiotics that are capable of promoting the health 

status, preventing diseases and reducing medical treatments are needed in order to 

tackle increasing global antibiotic resistance [1,2]. Although it is not totally clear how 

antibiotic use in food-producing animals spreads resistant bacteria in humans, 

replacing antimicrobials is a key aim of European policies [3,4].  

This need was particularly highlighted by the removal of zinc oxide licensed as 

a medicinal product as it is involved in environmental pollution and in the co-selection 

of antibiotic-resistant bacteria [5,6]. In fact, following the ban on the use of antibiotics 

as growth promoters, therapeutic antibiotics and zinc oxide have become more widely 

used [7–9] to prevent porcine colibacillosis, improve suboptimal weight gain, and feed 

efficiency. Alternatives to antibiotics and zinc oxide are also urgently needed to 

guarantee the profitability of swine farming, particularly during weaning, which 

involves the largest use of antimicrobials due to the high incidence of gastroenteric 

disorders and multifactorial post-weaning diarrhoea (PWD) [10,11]. The 

gastrointestinal tract (GIT) is a highly specialised organ where the dynamic interaction 

between host cells and the complex environment (mucosal chemical barrier, immune 

system, and epithelium) impacts on gut health [12]. Gut health is important in the 

reduction of diseases and the optimal functioning of digestive processes, along with 

optimal production performance. 

The aim of nutrition is no longer simply to satisfy nutritional requirements; it 

also plays a key role in the health and welfare of humans and animals [13]. The 

nutritional components of animal feed are thus continually adjusted to optimize the 

effects on animal health and growth. Functional feed ingredients, which sustain the 

health status and reduce the risk of pathologies, have thus become fundamental in 

replacing or reducing antimicrobials in food-producing animals [14,15]. Studies have 

thus focused on developing nutraceutical alternatives to antibiotics in order to 

maintain swine health and performance [16]. In addition to their nutritional value, 

functional feed ingredients contain bioactive compounds and nutricines which exert 

beneficial activities on the organism (immunomodulatory, antioxidant, anti-

inflammatory, antibacterial effects, etc.) with positive impacts also on animal 

performance and general farm profitability [17–19].  

Tannins have antioxidant, anti-inflammatory and antimicrobial properties, and 

are used to enhance growth performance, modulate intestinal microbiota, and 

decrease the incidence of diarrhoea, particularly during the post-weaning period [20] 

through their antimicrobial and cytomodulatory effects on intestinal cells [21]. 
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Hydrolysable and condensed tannins increase performance and animal gut health, 

and reduce diarrhoea by directly inhibiting enterotoxigenic Escherichia coli bacteria 

when supplemented in weaned piglets [22]. They disrupt the bacterial wall by 

releasing hydrogen peroxide from their hydroxyl groups [23]. In addition, tannins may 

reduce cortisol levels in animals and protect against lipid peroxidation, leading to a 

decreased levels of plasma malondialdehyde [24]. 

Leonardite is rich in humic acids, and due to its macrocolloid structure can 

protect intestinal mucosa by reducing the resorption of toxic metabolites from the 

residues of harmful substances in feed [25]. Humic acids prevent an excessive loss of 

water from the gut, which is important in the treatment of diarrhoea, dyspepsia, and 

acute intoxications [26]. In weaned piglets, leonardite improves animal performance 

and modulates lipid metabolism by increasing the level of HDL cholesterol in blood 

serum and suggesting an enhanced defence from stressors through a higher Mg serum 

level after 40 days of supplementation [27]. Leonardite seems to act by helping ion 

transport through membranes, protecting intestinal mucosa, enhancing enzymatic 

activities and promoting nutrient digestion and adsorption, particularly for proteins 

and minerals [28]. 

Some specific dietary short chain and medium chain fatty acids play a key role 

in the intestinal inflammation of pigs, as well as in modulating the intestinal microbial 

population and in promoting digestion [29]. The supplementation of 0.20% of 

tributyrin was shown to boost animal performance, lipid metabolism and gut health 

through increased energy metabolism of enteric bacteria and promoting the richness 

positively related to animal performance and mucosal immune function [30]. 

Tributyrin can act as a histone deacetylase inhibitor (HDAC), stimulating muscle 

growth through satellite cell differentiation in muscular tissue promoting animal 

performance [31]. In addition, butyrate supplementation may increase villus height 

and crypt depth in the duodenum [32]. Antibacterial activity related to butyrate was 

observed through a reduction in intestinal pH and a decrease in harmful bacteria in 

the caecum [33]. 

Despite the high number of products studied as alternatives to antimicrobials in 

commercialised feed for swine farming, few studies have specifically investigated the 

synergistic or antagonistic effects of possible additive combinations on the health and 

performance of weaned piglets. Due to encouraging results obtained in our previous 

studies from the supplementation of single additives, the aim of this study was to 

assess the possible combined effects of Quebracho and Chestnut tannin extracts, 

leonardite and tributyrin supplementation on animal health and microbiota 

modulation in weaned piglets.  
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2. Materials and Methods 

2.1. Animals, Housing, Experimental Design and Treatment 

The experimental trial was approved by the Animal Welfare Organization of the 

University of Milan (OPBA authorization no. 09/2020) and performed in accordance 

with European regulations [34]. The trial was conducted on a commercial farm that 

was free from pathologies included in the ex-list A of the World Organization for 

Animal Health (Porcine Reproductive Respiratory Syndrome, atrophic rhinitis, 

transmissible gastroenteritis, salmonellosis and Aujeszky disease). 

The study lasted 28 days, and included 168 weaned piglets (Landrace x Large 

White; 28 ± 2 days) homogeneous by gender (50% male, 50% female) and weight (7.48 

± 1.16 kg). Piglets were identified by individual ear tags and housed in 12 different 

pens (14 animals/pen), in standardised environmental conditions (27 °C and 60% 

relative humidity).  

After an adaptation period of three days with the same basal diet, piglets were 

allotted to a randomised complete block design in two experimental groups: control 

group (CTRL: 84 piglets, 6 pens) fed the basal diet (ad libitum), and the treatment 

group (MIX, 84 piglets, 6 pens) fed the basal diet (ad libitum) supplemented with 

0.75% Quebracho and Chestnut tannin extracts (Silvafeed® Nutri P, Silvateam, 

Mondovì, Italy), 0.25% leonardite (New Feed Team, Lodi, Italy) and 0.20% tributyrin 

(ACIFIS® Tri-B, New Feed Team, Italy), based on previous studies [20,27,30]. The two 

experimental isoproteic and isoenergetic diets (Table 1) were balanced using Plurimix 

System® software v. 2.4 (Fabermatica, Cremona, Italy) in order to meet the nutritional 

requirements for post-weaned piglets [35] and were provided by Ferraroni S.p.A. 

(Cremona, Italy). Considering the small inclusion percentage, the additives were 

premixed with wheat flour to ensure a homogeneous dispersion before being added 

to the horizontal mixer with the other ingredients, substituting 2% of wheat meal with 

2% of the experimental mix (0.80% wheat flour 00, 0.75% tannin extracts, 0.25% 

leonardite, and 0.20% tributyrin).  
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Table 1. Diet composition and principal chemical characteristics of in vivo trial (% as fed basis) divided 

by control (CTRL, fed basal diet) and treatment group (MIX, fed basal diet supplemented with 0.75% 

Quebracho and Chestnut Tannin extract, 0.25% leonardite and 0.20% tributyrin). 

Ingredients, % as Fed Basis CTRL MIX 

Barley, meal 26.84 26.84 

Wheat, meal 12.45 10.45 

Corn, flakes 11.63 11.63 

Corn, meal 10.00 10.00 

Barley, flakes 7.50 7.50 

Soy protein concentrates 5.00 5.00 

Biscuits, meal 4.00 4.00 

Soybean, meal (44%) 4.00 4.00 

Dextrose monohydrate 3.50 3.50 

Sweet milk whey 2.50 2.50 

Herring, meal 2.00 2.00 

Plasma, meal 2.00 2.00 

Beet pulp 1.40 1.40 

Acidifiers 1 1.70 1.70 

Coconut oil 1.00 1.00 

Soy oil 1.00 1.00 

Dicalcium phosphate 0.60 0.60 

L-Lysine 0.60 0.60 

Benzoic acid 0.50 0.50 

Vitamins and mineral premix 2 0.50 0.50 

DL-Methionine 0.39 0.39 

L-Threonine 0.35 0.35 

Sodium Chloride 0.27 0.27 

L-Valine (96.5%) 0.12 0.12 

Enzyme mix 3 0.10 0.10 

L-Tryptophan 0.05 0.05 

Experimental mix 4 - 2.00 

Calculated Chemical Composition 5 

Crude protein (%)  18.65 18.33 

Fat (%)  4.78 4.75 

Crude fibre (%)  3.00 2.98 

Ashes (%)  5.52 5.48 

DE 6 (Mc/Kg)  3.92 3.83 
1 Citric acid, fumaric acid, orthophosphoric acid, sorbic acid, calcium formate. 2 Additives per Kg: 

Vitamins, pro-vitamins and substances with similar effect. Retinyl Acetate 15000 IU, Vitamin D3-

Cholecalciferol 2000 IU, Vitamin E 120 mg, Vitamin B1 2.0 mg, Vitamin B2 4.8 mg, Vitamin B6 3.4 mg, 

Calcium D-pantothenate 15.0 mg, Vitamin B12 0.030 mg, Vitamin K3 1.9 mg, Biotin 0.19 mg, 

Niacinamide 30.0 mg, Folic Acid 0.96 mg, Vitamin C 144 mg, Choline chloride 288 mg, Betaine 

hydrochloride 1000 mg, Compounds of trace elements Iron sulphate 115 mg, Manganese Oxide 48.0 

mg, Zinc Oxide 96.1 mg, Copper Oxide 130 mg, Anhydrous Calcium Iodate 0.96 mg, Sodium Selenite 

0.34 mg. 3 6-phytase, endo-1,4-beta-xylanase, endo-1,3(4)-beta-glucanase. 4 The experimental mix was 

composed of 0.80% wheat flour 00 and the three supplemented additives: 0.75% Quebracho and 

Chestnut tannin extracts (Silvafeed® Nutri P, Silvateam, Mondovì, Italy), 0.25% leonardite (New Feed 

Team, Lodi, Italy), 0.20% tributyrin (ACIFIS® Tri-B, New Feed Team, Lodi, Italy). 5 Calculation 

performed with Purimix System® software (Fabermatica, Cremona, Italy). 6 DE: digestible energy 

content estimated from NRC (2012). 
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2.2. Chemical Evaluation of Experimental Diets 

The experimental diets were analysed in duplicate in terms of principal nutrients: 

dry matter (DM), ether extract (EE), crude protein (CP), crude fibre (CF), and ash 

content. Dry matter (DM) was obtained by drying samples in a forced air oven at 65 

°C for 24 h (AOAC method 930.15). CP was determined by the Kjeldahl method 

(AOAC method 2001.11). EE was determined using ether extraction in the Soxtec 

system (DM 21/12/1998). CF was determined by the filtering bag technique [36]. Ash 

content was obtained by incinerating samples in a muffle furnace at 550 °C (AOAC 

method 942.05). 

 

2.3. Zootechnical Performance, Diarrhoea Incidence and Sampling Procedures 

Body weight (BW) was individually recorded at days 0 (T0), 7 (T1), 14 (T2), 21 

(T3) and 28 (T4). Feed intake was recorded weekly for each pen by measuring the feed 

refused, considering the pen as the experimental unit. Average daily gain (ADG), 

average daily feed intake (ADFI) and feed conversion ratio (FCR) were calculated. For 

the microbiological and microbiota analyses, faecal samples were collected at T0 and 

at T4 from the rectal ampulla of four piglets per pen randomly selected (24 piglets 

CTRL, 24 piglets MIX). 

Faecal consistency of the four selected piglets was scored on a weekly basis using 

a four-level scale: 0 = normal consistency (faeces firm and well formed); 1 = soft 

consistency (faeces soft and formed); 2 = mild diarrhoea (fluid faeces, usually 

yellowish); 3 = severe diarrhoea (faeces watery and projectile). A faecal consistency 

score ≤ 1 (0,1) was considered normal, whereas a faecal score >1 (2,3) was defined as 

diarrhoea. Faecal colour was also evaluated using a three-level scale: 1 = yellowish 

colour; 2 = greenish colour; 3 = brown colour. A faecal colour ≥ 2 (greenish-brown) was 

considered normal, while a faecal colour < 2 (yellowish) was considered pathological 

[11].  

Blood was sampled from the jugular vein of two randomly selected subjects per 

pen at T0 and T4, using vacuum tubes without any anticoagulant. 

 

2.4. Blood Serum Analysis 

Serum samples were obtained by centrifugation, and were analysed using a 

multiparametric autoanalyzer for clinical chemistry (ILab 650; Instrumentation 

Laboratory Company, Lexington, MA, USA) at 37 °C. We measured the following 

concentration of: total protein (g/L), albumin (g/L), globulin (g/L), albumin/globulin 

(A/G ratio), alanine aminotransferase (ALT-GPT; IU/L), glucose (mmol/L), urea 

(mmol/L), creatinine (µmol/L), total bilirubin (µmol/L), total cholesterol (mmol/L), 
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triglycerides (mmol/L), high-density lipoprotein (HDL; mmol/L), low-density 

lipoprotein (LDL; mmol/L), phosphorus (mmol/L), and magnesium (mmol/L). 

Serum glucagon and insulin concentrations were also quantified using enzyme-

linked immunosorbent assay (ELISA) kits specific for pigs according to the 

manufacturer’s instructions (Mecordia Inc, Uppsala, Sweden; Cusabio Technology Llc, 

Houston, Texas). Absorbances were measured with a microplate reader at 450 nm (Bio-

Rad 680 microplate reader, Bio-Rad Laboratories, Inc., Hercules, CA, USA) and 

concentrations were calculated according to the respective standard curve using 

CurveExpert v. 1.4. 

 

2.5. Microbiological Analysis of Faecal Samples 

The faecal samples were analysed in terms of the total bacteria (Plate Count Agar, 

PCA), lactobacilli (De Man, Rogosa and Sharpe Agar, MRS) and coliform count (Violet 

Red Bile Broth Agar, VRBA). Briefly, 1 g of each faecal sample was homogenised with 

10 mL of sterile physiological solution and centrifuged (3000 rpm for 10 min) to collect 

the supernatant. Samples were serially diluted, and microorganisms were enumerated 

by plate counting after 24 h of semi-anaerobic incubation at 37 °C using the overlay 

method for MRS and VRBA, and the inclusion method for PCA [37–39]. The 

lactobacilli:coliform ratio was calculated based on plate counting results which were 

expressed as log10 of colony-forming units per gram of faeces (log10 CFU/g). 

 

2.6. Nitrogen Content, Apparent Nitrogen Digestibility, Volatile Fatty Acids and pH of Faecal 

Samples 

Faeces collected at 28 days were dried in a forced-air oven and analysed for 

nitrogen content (AOAC method 930.15; AOAC method 2001.11). Apparent nitrogen 

digestibility was assessed through the acid insoluble ash (AIA) marker [40] after 

incinerating feed and faecal samples in a muffle furnace at 550 °C (AOAC method 

942.05). Apparent nitrogen digestibility was then calculated using the following 

equation: 

 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝐷𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%)  

= 100 × (1 −
𝑚𝑎𝑟𝑘𝑒𝑟 𝑖𝑛 𝑓𝑒𝑒𝑑

𝑚𝑎𝑟𝑘𝑒𝑟 𝑖𝑛 𝑓𝑒𝑎𝑐𝑒𝑠
 × 

𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛 𝑓𝑎𝑒𝑐𝑒𝑠

𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛 𝑓𝑒𝑒𝑑
) 

 

(1) 

The fresh faecal sample pH of T4, diluted in 10 mL of sterile physiological 

solution and subsequently centrifuged, were measured for the supernatant using a pH 

meter. 
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Volatile fatty acid analysis was performed by gas chromatography (GC), and the 

samples were prepared as follows: 0.5 gof faecal samples were dissolved in 1 mL of 

distilled water and thoroughly mixed for a few minutes. Following centrifugation 

(10.000 g for 10 min at 10°C), 0.5 mL of supernatant was added to 250 µL of oxalic acid 

(0.12 M) and 250 µL of pivalic acid solution (1 g pivalic acid + 50 mL formic acid, filled 

to 1 L with distilled water). After mixing and centrifugation (10.000 g for 10 min at 

10°C), the clear supernatant was transferred into the vial, and injected into the GC. 

Volatile fatty acids (VFA) were quantified according to Ahmed et al. [41]. 

 

2.7. Bacterial DNA Extraction, V3-V4 Region Amplification and Sequencing 

Faecal samples were collected at 28 days and stored in frozen dry ice until further 

processing. Bacterial DNAs were extracted starting with 50 mg (fresh weight) of faecal 

sample using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Eschwege, 

Switzerland) according to the manufacturer’s instructions. Extracted DNA was 

quantified using the Qubit HS dsDNA fluorescence assay (Life Technologies, 

Carlsbad, CA, USA), whereas the DNA quality check was carried out through agarose 

gel electrophoresis. DNA was sent to Fasteris SA (Geneva, Switzerland) for 

sequencing. The amplicons were sequenced by Illumina MiSeq v. 3 in 2 × 300 bp mode. 

Trimmomatics v. 0.32 (http://www.usadellab.org/cms/index.php?page = 

trimmomatic, accessed on 26/08/2020) [42] was used to remove the adapter sequence 

from the reads, and during this process, the filtering was performed. Filtering was 

performed by SLIDINGWINDOW, a sliding window trimming, which cuts the read 

tail when four consecutive bases are of low quality. By considering multiple bases, a 

single poor quality base was thus not the cause of the removal of high quality data 

later in the read (window size: 4 base, quality: 15). Filtering was also performed by 

MINLEN which drops the read when it is below a specified length (set at 60 bases).  

Filtered reads were mapped against the SILVA database using Burrows–Wheeler 

Alignment Tool v. 0.7.5a (http://bio-bwa.sourceforge.net/, accessed on 28/08/2020). 

SAM tools was used to merge alignments and to compute the number of reads onto 

each OTU. Sequence files are available in the European Nucleotide Archive (ENA) 

database under accession number ID PRJEB43937. 

 

2.8. Statistical Analysis 

The results were analysed using a generalised linear model that assesses the 

leverage of the effects based on the analysis of variances using JMP 14 Pro® (SAS Inst. 

Inc., Cary, NC, USA). For animal performance, faecal bacterial counts, the model 

included the fixed effect of treatments (Trt), the effect of time (Time), and the 

interaction between treatment and time (Trt × Time). Serum metabolites data were 

http://bio-bwa.sourceforge.net/
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evaluated after performing analysis of covariances (ANCOVA) to adjust the initial 

variability of serum samples. Data on diarrhoea incidence were assessed using 

Pearson’s Chi-Squared test. The results from faecal nitrogen content, 

immunoenzymatic kits, apparent digestibility, volatile fatty acids and faecal pH at T4 

were analysed using ANOVA. Pearson correlations were performed. Multiple 

comparisons between groups were evaluated with Tukey’s Honestly Significant 

Difference test (Tukey’s HSD). Results were presented as least square means ± 

standard error (SE). Means were considered different when p ≤ 0.05. 

All statistical analyses concerning sequences obtained were performed using 

MicrobiomeAnalyst [43,44], which calculates alpha diversity based on Chao 1, 

Observed species, Simpson and Shannon metrics. Significant differences in these 

indices were calculated using a t test ANOVA. Beta diversity across samples was 

instead calculated using the Bray–Curtis index and PERMANOVA statistical methods. 

The beta diversity across the microbial community of animals belonging to both 

dietary groups were visualised using a PCoA plot. The edgeR algorithm with 0.05 

adjusted p-value cut-off was used to identify significant differences in taxa abundance 

between the two groups of animal microbiota. The Linear discriminant analysis Effect 

Size (LEfSe) Sparse Correlations for Compositional data (SparCC) and Random Forest 

analysis were performed using the same tool.  

GraphPad Prism v. 8 (GraphPad Prism, San Diego, CA, USA) was used to 

perform the t test and Spearman’s correlation analysis, respectively.   

 

3. Results and Discussion 

3.1. Chemical Evaluation of the Experimental Diets 

Nutrient profile of both experimental diets was in line with NRC [35] guidelines 

fulfilling the nutritional requirements of post-weaning piglets. The inclusion in the 

diet of 0.75% tannin extracts, 0.25% leonardite and 0.20% tributyrin did not influence 

the main nutrient profiles of MIX group experimental diet (Table S1). 

 

3.2. Zootechnical Performance 

Zootechnical performance, in swine farming, besides being the main concern for 

farmers, is considered as an indirect indicator of intestinal health. Both groups 

revealed a progressive increase in body weight in line with standard growth curves, 

ADG and ADFI (Table S2). No detrimental effects of the combination of ingredients 

were observed.   

The results showed no significant differences in BW, ADG, ADFI, FCR between 

the experimental groups. The effect on the zootechnical performance could well have 
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been more exacerbated with longer experimental periods [27,30]. In fact, for those 

additives affecting animal production or performance, long-term efficacy and safety 

studies are necessary, which correspond to periods of 42 days in post-weaning piglets 

[45,46]. In addition, the positive effects of functional and antioxidant dietary 

compounds are more evident when animals have a pathological condition (e.g., 

experiential infection, intestinal injuries) [47,48], whereas in this study the animals 

were in good general health throughout the experimental period. 

 

3.3. Diarrhoea Incidence  

Diarrhoea is one of the main issues in the weaning phase in swine farming and 

represents the most evident sign of dysbiosis. On the other hand eubiosis, an indicator 

of gut health, is ensured through a positive interaction between the host, the 

microorganisms and the environment. At the beginning of the trial, piglets were 

healthy without any signs of diarrhoea (T0). The highest numbers of diarrhoea were 

during the first 14 days (17 piglets with faecal score ≥ 2) in both groups. The first two 

weeks of weaning are considered as the most critical phase for diarrhoea incidence, 

which is caused by maternal immunity reduction and the impact of stressors, leading 

to decreased performance and antibiotic use [49]. There was a higher incidence of 

diarrhoea in the CTRL group (20 cases; 16.67% of faeces evaluated) compared with the 

MIX group (11 cases; 9.17% of faeces evaluated) throughout the experimental period 

(p < 0.01; Figure 1). Regarding faecal colour, a yellowish colour at 7 days was recorded 

in only four animals (1 CTRL and 3 MIX) with no statistical differences at any point 

during experimental period. Post-weaning diarrhoea is recognised as a multifactorial 

disease. It can be influenced by post-weaning fasting, together with environmental 

and feeding stress. From a microbiological point of view, many factors could be 

involved in the aetiology, such as bacteria, parasites and viruses [50].  

Although the individual effects of each functional component supplemented 

cannot be differentiated, their combination lowered the occurrence of diarrhoea. 

Previous results obtained in our studies showed that all three compounds tested 

separately had a positive effect on gut health. In this study, due to their different 

mechanisms of action these compounds may also have contributed to the reduction in 

diarrhoea. In fact, Chestnut and Quebracho tannins are antimicrobial and antioxidant 

substances with a powerful effect on enterotoxigenic Escherichia coli, which are the 

main pathogens involved in diarrhoea occurrence in weaned piglets [51,52]. Tannins 

may directly affect bacterial growth, impairing the bacterial cell wall and indirectly 

supporting the antioxidant status of animals [23,24]. In addition, the inclusion of 

leonardite in the feed, characterised by a large amount of humic substances, likely 

stabilizes the microbial intestinal population, improving intestinal barrier health and 
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preventing diarrhoea. Although the effect of leonardite, is still not fully understood, it 

could be due to the affinity of humic substances to biological membranes and their 

participation in ion transportation, which may boost performance and health status 

[27,28].  

Humic acids contained in leonardite have shown an ability to lower pH in the 

gastrointestinal tract and stabilize intestinal flora [53]. Tributyrin also reduces 

diarrhoea due to its nutrient absorption, and the intestinal morphology of villi 

enhancement in weaned piglets [54]. Tributyrin and butyric acid lower the pH of GIT 

(particularly in the stomach and intestine) promoting an increase in beneficial bacteria 

[32].  

The decrease in diarrhoea incidence and the positive effect on faecal consistency 

could be related to the in-feed supplementation of the mixture of functional 

compounds. These results are in line with other results showing a reduction in 

diarrhoea related to the inclusion of tannin extracts, leonardite and tributyrin 

individually supplemented in animal diets, and proposed as a valuable alternative to 

antibiotics for weaned piglets [28,55–57]. Intestinal integrity supported by tributyrin 

has been widely demonstrated in the literature, due to the release of three butyric acid 

molecules in the gut. The effects of lowering the pH and strengthening epithelium 

integrity could increase animal resistance to diarrhoea [33,57]. Each additive in the 

mixture is characterised by a different composition and mechanism of action. Hence, 

our results suggest that they could improve intestinal health through a dynamic 

interaction with the GIT environment. 

Although numerous feed additives have been proposed in pig diets, there are 

contrasting results in the literature. Establishing one additive as an alternative to 

antibiotics in the feed is therefore not possible; however, since no antibiotics are used 

as growth promoters, some functional compounds will be beneficial when fed to pigs 

[58]. 
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Figure 1. Diarrhoea incidence from 0 to 28 days of experimental period divided per control (CTRL) and 

treatment group (MIX). a–b Means with different superscripts are significantly different between 

treatments (p < 0.05). CTRL: control group; MIX: treatment group supplemented with 0.75% tannin 

extracts, 0.25% leonardite and 0.20% tributyrin in the diet. 

 

3.4. Serum Metabolic Profile  

The results from the serum metabolic profile revealed biochemical levels in line 

with reference values and with previously obtained data from single additive 

supplementation in both groups (Table 2) [20,27,30,59–61], thus confirming the 

absence of toxic effects on the main serum metabolic parameters. However, a 

significant reduction in LDL cholesterol was observed in the MIX group compared to 

the CTRL group (1.21 ± 0.08 and 1.48 ± 0.07, respectively; p < 0.05). Low-density 

lipoproteins are well known for their risk factors related to the development of 

circulatory diseases. Blood concentrations of LDL promote atherosclerosis and 

cardiovascular diseases [62] and low LDL serum levels are key for cardiovascular 

prevention and treatment [63].  

Tributyrin can modulate lipid metabolism since short chain fatty acids can lower 

LDL cholesterol levels [64]. These particular forms of three esterified fatty acids have 

been associated with a low phosphorylated c-JUN-NH2 terminal kinase content with 

partial hepatic steatosis reversion, leading to a reduction in fat accumulation [65]. In 

our study, the decrease in LDL cholesterol level confirmed the encouraging results on 

the lipid metabolism modulation of leonardite and tributyrin supplementation, 

positively affecting the animal health status [27,30]. 

The MIX group revealed a statistically significant lower total protein content in 

blood serum compared to CTRL (47.75 ± 1.67 and 54.92 ± 1.46 g/L, respectively; p < 

0.05). Tannins are able to establish stable and insoluble complexes with dietary 
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proteins [66,67], which could slightly reduce the protein bioaccessibility in the gut, 

leading to a decrease in serum total protein. Although tannins could potentially reduce 

protein digestibility, we found no side effects related to animal performance, thus 

suggesting that the reduction did not impair animal performance and health, in line 

with Caprarulo et al. [20]. The blood serum urea level revealed a tendency to decrease 

in the MIX compared to the CTRL group (0.78 ± 0.07 and 0.99 ± 0.06, respectively; p < 

0.09). Serum urea is a nonprotein nitrogen directly associated with CP concentration 

in the feed. Circulating urea could be considered a useful indicator for diet formulation 

and nitrogen use [68]. Caprarulo et al. [20] highlighted a shift in protein metabolism 

due to tannin supplementation after 40 days, leading to an increased bacterial protein 

synthesis.  

 

Table 2. Metabolic profile of blood serum divided by control (CTRL) and treatment group (MIX) 

measured at day 28. 

Serum Metabolite CTRL MIX SE CTRL SE MIX p-Value 

Total protein content, g/L 54.92 a 47.75 b 1.46 1.67 0.0258 

Albumin, g/L 27.89 25.91 1.24 1.42 0.3808 

Globulin, g/L 25.85 23.31 1.44 1.62 0.2938 

Albumin/Globulin (A/G) 1.06 1.18 0.06 0.07 0.2465 

Urea, mmol/L 0.99 0.78 0.06 0.07 0.0746 

Alanine aminotransferase (ALT-GPT), 

IU/L 
54.75 56.81 4.68 5.27 0.7867 

Total bilirubin, µmol/L 1.90 1.80 0.11 0.13 0.5750 

Glucose, mmol/L 6.19 6.91 0.48 0.55 0.4169 

Phosphorus, mmol/L 3.26 3.10 0.13 0.15 0.4547 

Magnesium, mmol/L 0.92 0.88 0.04 0.05 0.6328 

Creatinine, µmol/L 70.18 65.27 3.81 4.47 0.5098 

Total cholesterol, mmol/L 2.62 2.36 0.12 0.13 0.1901 

High density lipoprotein (HDL), mmol/L 1.01 1.04 0.07 0.08 0.7955 

Low density lipoprotein (LDL), mmol/L 1.48 a 1.21 b 0.07 0.08 0.0435 

Triglycerides, mmol/L 0.60 0.69 0.09 0.10 0.4982 

Insulin, mU/L 10.78 9.47 2.57 2.87 0.7437 

Glucagon, pg/mL 294.10 286.51 13.99 22.38 0.8103 
a–bMeans with different superscripts are significantly different between treatments (p < 0.05). Data are 

expressed as least square means (LSMEANS) and standard errors (SE). CTRL: control group; MIX: 

treatment group supplemented with 0.75% tannin extracts, 0.25% leonardite and 0.20% tributyrin in the 

diet. 

 

3.5. Microbiological Analysis of Faecal Samples 

Total plate counting, coliform and lactobacilli faecal content revealed no 

differences between groups at T0 and T4, highlighting a similar content in total 

bacteria and in coliform and lactobacilli in piglets’ faeces (Figure 2). T0 was 

characterised by a high prevalence of lactobacilli (5.81 ± 0.20 log10 CFU/g for CTRL and 

5.85 ± 0.21 log10 CFU/g for MIX). On the other hand, T4 showed a statistically 
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significant reduction of this group of bacteria (4.23 ± 0.21 log10 CFU/g for CTRL and 

4.49 ± 0.21 log10 CFU/g for MIX; p < 0.0001).  

Before weaning, lactobacilli or lactic acid bacteria are usually higher in piglets 

due to the milk consumption, and may decrease naturally after weaning and feeding 

with solid diets [69]. In our study, the lactobacilli:coliform bacteria ratio increased at 

day 28 (T4) in the MIX compared to CTRL group (1.79 ± 0.13 and 1.20 ± 0.13 log10 

CFU/log10 CFU, respectively; p < 0.01). The lactobacilli:coliform ratio predicts intestinal 

health and is used in efficacy tests of feed additives and acidifiers in order to promote 

immune defence. After weaning, the ratio changes depending on the level of coliform 

and immune defence development by the host. The lactobacilli:enterobacteria ratio is 

adopted as a simple index whose increase is related to a higher resistance to intestinal 

disorders [70].  

 

 
Figure 2. Faecal content of the principal bacterial groups (total bacteria, coliform, lactobacilli and 

lactobacilli:coliform ratio) divided by control (CTRL) and treatment (MIX) at the beginning (T0) and 

after 28 days of trial (T4). a–b Means with different superscripts are significantly different between 

treatments (p < 0.05). Data are expressed as least square means (LSMEANS) and standard errors (SE). 

CTRL: control group; MIX: treatment group supplemented with 0.75% tannin extract, 0.25% leonardite 

and 0.20% tributyrin in the diet. 
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3.6. Nitrogen Content, Apparent Nitrogen Digestibility, Volatile Fatty Acids and pH of Faecal 

Samples 

The faecal nitrogen content revealed a statistically significant increase in the MIX 

compared to the CTRL group (4.19 ± 0.10 and 3.85 ± 0.10% on dry matter basis, 

respectively; p < 0.05) at T4. A linear positive correlation (r = 0.79; p < 0.0001) was 

observed for the faecal nitrogen content (fresh weight basis) and dry matter of faeces, 

highlighting that more solid faeces had a higher nitrogen concentration. The effects of 

tannins on decreasing protein bioavailability and forming indigestible complexes are 

well known [71]. The results suggest that the tannin extract supplemented in the MIX 

group diet increased the nitrogen excretion. However, this effect did not influence the 

animal growth performance, as confirmed by a non-statistically significant difference 

in the nitrogen excretion between the two experimental groups, considering nitrogen 

percentages on a fresh weight basis (1.13 ± 0.05% for CTRL and 1.24 ± 0.05% for MIX 

group).  

Although an increased nitrogen output suggests a lower protein availability, 

which is key for piglet growth, the performance showed no differences in pig growth. 

This was confirmed by the apparent nitrogen digestibility which revealed no 

statistically significant difference between the CTRL (80.96 ± 7.37%) and MIX (83.12 ± 

6.75%) group. The availability of the nitrogen in the diet was thus not affected by the 

dietary treatment. These results are in line with Caprarulo et al. [20] who, after 

supplementing tannin extract in the feed, observed a shift in protein metabolism, 

which immediately promoted bacterial growth in the large intestine, which were able 

to exploit undigested substrate. No significant differences in faecal VFA content were 

detected between the two experimental groups (Table S3), suggesting that the 

microbial fermentations of the MIX group were not influenced by the treatment.  

The faecal pH measured at T0 and at T4 showed no statistically significant 

differences between the CTRL and MIX (7.00 ± 0.08 and 7.01 ± 0.08, respectively) 

groups, thus highlighting that the inclusion of the experimental mix in the animals’ 

diet did not influence this parameter. Faecal pH is a cheap method that provides 

important information on intestinal health. Faecal pH values over 8.5 could indicate 

ammonia formation from intestinal fermentation caused by decreased protein 

digestion [72]. 

The results suggest that neither leonardite (rich in organic acids) tannins 

(protein-binding ability) nor tributyrin (intestinal pH lowering effect) significantly 

impaired protein digestion, intestinal fermentation, and faecal pH.  
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3.7. Microbiota Composition and Community Diversity Associated with Mix 

Supplementation.  

A total of 264,055 filtered sequences were obtained in the samples collected from 

the MIX and CTRL groups. The median sequencing coverage was 52,668 sequences 

per sample. The beta-diversity was evaluated based on the PERMANOVA analysis of 

the Bray–Curtis distances. Samples were not clustered separately, although 

PERMANOVA analysis indicated significant differences between the two dietetic 

groups (R2 = 0.087, p < 0.038) (Figure 3). In addition, the MIX supplementation had no 

significant influence on the faecal bacterial alpha diversity calculated by Chao 1 (p = 

0.29), observed OTUs (p = 0.55), Simpson (p = 0.86) and Shannon (p = 0.93) indices. As 

a consequence, no significant differences in species diversity and richness were 

observed among dietary groups.  

At the phylum level, the faecal microbiota collected from the control group were 

dominated by Firmicutes (89%) followed by Bacteroidetes (7.5%), whereas in animals 

receiving the MIX supplementation, Firmicutes represented 83% and Bacteroidetes 14%. 

The presence of Actinobacteria phylum was less than 1% in both groups. These 

differences between the two groups were significant for both Firmicutes (FDR = 0.023) 

and Bacteroidetes (FDR < 0.0001). The decrease in Actinobacteria was also significant 

(FDR = 0.023) in the treated group of animals. Among the less abundant phyla in the 

MIX group, Fibrobacteres was significantly higher (FDR < 0.001), whereas Chlamydiae 

and Cyanobacteria were significantly lower than the control group (Table 3).  

At the family level, Prevotellaceae and Fibrobacteraceae increased significantly in 

samples collected from the MIX group, whereas Chlamydiaceae decreased (p < 0.01; 

Table 4). Additionally, at the family level, weak correlations were detected. The 

Fibrobacteriaceae and Prevotellaceae families correlated positively with ADFI (r = 0.480, 

p = 0.018; and r = 0.563, p = 0.004, respectively) and FCR (r = 0.477, p = 0.018; r = 0.561, p 

= 0.004, respectively).  

At the genus level, a significant increase in Prevotella and Fibrobacter was detected 

in the piglets’ supplemented diet, whereas the relative abundance of RFN20, 

Eubacterium, Lachnospira, Desulfovibrio and Chlamydia was low (p < 0.01). The values of 

fold changes and FDR are reported in Table 4. The FCR of Fibrobacter (r = 0.477, p = 

0.018) and Prevotella (r = 0.573, p = 0.03) showed very similar correlation values to those 

obtained with ADFI. Fibrobacter and Prevotella are well-known dietary fibres that 

degrade bacteria and produce short chain fatty acids [73].  

The genus Chlamydia is a well-known cause of disease. Within the genus, several 

species have been identified and in particular, in pigs, Chlamydia suis seems to be 

widespread and related to the presence of other pathogens [74]. In weaned piglets, 
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Chlamydia spp. has been associated with intestinal microscopic lesions in healthy [75] 

as well as in diarrhoeic animals [76]. 

 

 
Figure 3. Principal coordinate analysis (PCoA, Bray–Curtis distance) plot of the gut microbiota of 

weaned piglets fed a diet with (MIX) or without mix supplementation (CTRL). CTRL: control group; 

MIX: treatment group supplemented with 0.75% tannin extract, 0.25% leonardite and 0.20% tributyrin 

in the diet. 

 

Table 3. Differentially abundant phyla between MIX and CTRL groups of piglets. 

Phylum log2FC Log CPM p-Values FDR 

Bacteroidetes 1.973 17.166 <0.0001 <0.0001 

Fibrobacteres 2.736 11.433 <0.0001 0.0002 

Chlamydiae −2.860 10.731 0.0058 0.0192 

Actinobacteria −1.449 6.976 0.0101 0.0238 

Firmicutes 1.119 20.203 0.0119 0.0238 

Cyanobacteria −1.566 7.227 0.0274 0.0456 

Verrucomicrobia −2.050 11.582 0.0356 0.0509 

CTRL: control group; MIX: treatment group supplemented with 0.75% tannin extract, 0.25% leonardite 

and 0.20% tributyrin in the diet. 

 

Table 4. Differentially abundant families and genera between MIX fed animals and CTRL group. 

Family log2FC Log CPM p Values FDR 

Prevotellaceae 2.010 16.721 <0.0001 <0.0001 

Fibrobacteraceae 2.359 11.288 0.0004 0.0053 

Chlamydiaceae −3.149 10.902 0.0035 0.0326 

Genus     

Prevotella 1.963 16.848 <0.0001 0.0003 

RFN20 −2.295 7.274 <0.0001 0.0003 

Eubacterium −4.652 14.923 <0.0001 0.0003 

Fibrobacter 2.396 11.328 0.0006 0.0047 

Lachnospira −2.050 12.780 0.0032 0.0214 

Desulfovibrio −2.301 8.221 0.0081 0.0443 

Chlamydia −2.701 10.827 0.0107 0.0503 

CTRL: control group; MIX: treatment group supplemented with 0.75% tannin extract, 0.25% leonardite 

and 0.20% tributyrin in the diet. 

 

LEfSe analysis revealed that the two dietary groups could be differentiated at the 

family level by Desulfovibrionaceae, Coriobacteriaceae and Prevotellaceae (Figure 4A). The 
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first two families were more abundant in the CTRL group, whereas Coriobacteriaceae 

family was more abundant in the MIX group.  

At the genus level, Lachnospira, RFN20, Desulfovibrio and Bulleidia characterised 

the gut microbiota of the CTRL group, whereas Prevotella showed a very high LDA 

score associated with MIX group samples (Figure 4B). These results were confirmed 

by the random forest analysis which indicated Desulfovibrionaceae, Coriobacteriaceae and 

Prevotellaceae families as differentiating the two dietary groups. The discriminant 

genera resulting from the previous analysis were in agreement with those of the 

random forest analysis (Figure 5A and Figure 5B). 

All these analyses thus confirmed that the MIX supplementation reduced 

Desulfovibrionaceae and Coriobacteriaceae, whereas it increased the abundance of 

Prevotellaceae. In the gut, Coriobacteriaceae have been associated with bile salts and 

steroid conversion. In addition, they have shown particular characteristics involved in 

the conversion of food polyphenols [77]. In humans, the family Desulfovibrionaceae and 

in particular the Desulfovibrio genus, have been associated with the inflammation 

status, as well as being involved in the disruption of the intestinal barrier [78]. In 

piglets, Desulfovibrionaceae increase during the weaning period and play a crucial role 

in H2 balance, thus maintaining suitable conditions for intestinal fermentation [79]. 

Concerning Prevotellaceae, contradictory results have been reported, in particular 

regarding their impact on pig performance. Negative correlations between animal 

body weight and abundance of Prevotellaceae have been described [80], while the 

Prevotella-dominant enterotype has been associated with higher feed intake values 

compared to the Treponema-dominant enterotype in Duroc pigs [81]. As suggested by 

Amat et al. [82], further analyses are required to clarify the role of specific species of 

Prevotella in pig performance. Within this family, Prevotella copri is the most abundant 

species found in pig gut microbiota after weaning. This species is present during the 

nursing period, increases at weaning, remains very abundant in the growth phases 

and decreases in the finishing phase [83]. The link between Prevotella species and the 

development of diarrhoea is still controversial. In fact, in some conditions, its high 

abundance has been associated with a preventive effect on diarrhoea development 

[84], while in other studies, the high presence of Prevotella spp. has been posited as 

promoting this disease [81]. Based on our results, the increased level of the Prevotella 

genus was not associated with a high faecal score or with the frequency of diarrhoea 

episodes.  

Finally, genera co-occurrence network analysis revealed relationships between 

Prevotella and Lachnospira, RFN20, Desulfovibrio, Bacteroides, Eubacterium and Bulleidia. 

The estimation of sparse correlations revealed a negative correlation between 

Prevotella and Lachnospira (SparCC = −0.67; p < 0.01), RFN20 (SparCC = −0.92; p < 0.01), 
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Desulfovibrio (SparCC = −0.54; p = 0.03) and Bulleidia (SparCC = −0.62; p = 0.03) genera. 

These results indicate an antagonistic relationship between Prevotella, which was 

increased in the MIX-diet group, and bacterial genera which were, on the contrary, 

reduced due to the dietary treatment. Quebracho and Chestnut tannin extracts, 

leonardite and tributyrin supplementation seemed mainly to increase the genus 

Prevotella, which seems to modulate other microorganisms. Although the role of 

Prevotella has not yet been completely defined, in our study its presence was correlated 

with ADFI and not with diarrhoea. Further studies are needed to clarify the effects on 

the gut microbiota of this microbial genus. 

 

 
Figure 4. LEfSe analysis results between control (CTRL) and mix group (MIX) of animals at the family 

(A) and the genus level (B). CTRL: control group; MIX: treatment group supplemented with 0.75% 

tannin extract, 0.25% leonardite and 0.20% tributyrin in the diet. 

 

 
Figure 5. Random forest analysis results between mix fed animals (MIX) and control group (CTRL) at 

the family (A) and at the genus level (B) CTRL: control group; MIX: treatment group supplemented 

with 0.75% tannin extract, 0.25% leonardite and 0.20% tributyrin in the diet. 

 

4. Conclusions 

We found that the dietary administration of a combination of Chestnut and 

Quebracho tannin extracts, leonardite and tributyrin to significantly reduce the 

occurrence of diarrhoea and increase the lactobacilli:coliform ratio after 28 days, thus 

promoting animal health. Functional compound supplementation also revealed the 

positive regulation of lipid metabolism, thus confirming the possible role of tributyrin 
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and leonardite in modulating the fatty acid profile in blood serum. Our results 

indicated that this supplementation promotes changes to gut microbial communities, 

particularly increasing Prevotella spp. In conclusion, the in-feed supplementation of 

Quebracho and Chestnut tannin extracts, leonardite and tributyrin could be a 

promising alternative for the judicious use of antimicrobials in weaned piglets, which 

is considered a global sustainability priority. However, further studies are needed to 

better clarify the exact mechanism of action and the optimal concentration of these 

three functional compounds to maximise their effect on animal health and 

performance.  
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composition of experimental diets: CTRL (basal diet) and MIX (basal diet 

supplemented with 0.75% of Quebracho and Chestnut tannin extracts, 0.25% of 

leonardite, 0.20% of tributyrin), Table S2: Zootechnical performance of the 

experimental trial (from day 0 to 28) divided by control (CTRL) and treatment (MIX) 

group, Table S3: Mean values of faecal VFA proportion of tannin extracts, leonardite 

and tributyrin supplementation (MIX) and control (CTRL) groups. 
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Brief Introduction to the Study: 

The following manuscript represent a novel contribution to the field of animal 

nutrition. The research conducted in this study was part of a European project funded 

by Lombardy Region and European Rural Development Fund (Foodtech project 

"innovative products in the zootechnical field") and evaluated the use of two strains of 

probiotic bacteria not routinary used in pig nutrition. L. plantarum and L. reuteri 

isolated from pigs were evaluated for probiotic characteristics in vitro in order to assess 

their survival during the digestive process and important technological characteristics 

for their suitability to feed formulations were investigated. The results showed that L. 

plantarum and L. reuteri were resistant to the simulated digestive process in vitro, and 

reduced diarrhoea occurrence in vivo. In particular, L. plantarum registered the highest 

ability to prevent gastrointestinal disorders, also showing an increase of blood 

globulin concentration, which are often linked to immunity. The results of the study 

underlined the positive impact of L. plantarum and L. reuteri as innovative additives 

for pig nutrition in order to improve pig health, animal welfare and reduce the use of 

antibiotic treatments. 
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Simple Summary: Antimicrobial resistance is an increasing global concern. Effective 

alternatives that could replace and reduce antimicrobial treatments in farming have 

therefore become crucial for animal, human and environmental health. In swine 

farming, weaning is a stressful phase where piglets can develop multifactorial enteric 

disorders that require antibiotic treatments. Functional nutrition could thus represent 

a valuable alternative to reduce and tackle antibiotic resistance. This study assesses the 

effects of Lactobacillus plantarum and Lactobacillus reuteri on in-feed supplementation in 

weaned piglets. After weaning, piglets were allotted to four experimental groups fed 

a basal diet (CTRL) and a basal diet supplemented with 2 × 108 CFU/g of L. plantarum 

(PLA), L. reuteri and a combination of the two strains (P+R) for 28 days. Zootechnical 

performance and diarrhoea occurrence were recorded. Microbiological and serum 

metabolism analyses of faeces and blood samples were performed. Supplemented 

groups with lactobacilli showed a lower occurrence of diarrhoea and improved faecal 

consistency compared to the control. The PLA group registered the lowest diarrhoea 

frequency during the 28-day experimental period. The results suggest that dietary 

administration of L. plantarum and L. reuteri could prevent the occurrence of diarrhoea 

in weaned piglets. 

 

Graphical abstract: 
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Abstract: The effects of Lactobacillus plantarum and Lactobacillus reuteri and their 

combination were assessed in weaned piglets. Three hundred and fifty weaned piglets 

(Landrace × Large White), balanced in terms of weight and sex, were randomly allotted 

to four experimental groups (25 pens, 14 piglets/pen). Piglets were fed a basal control 

diet (CTRL, six pens) and a treatment diet supplemented with 2 × 108 CFU/g of L. 

plantarum (PLA, 6 pens), 2 × 108 CFU/g L. reuteri (REU, six pens) and the combination 

of both bacterial strains (1 × 108 CFU/g of L. plantarum combined with 1 × 108 CFU/g of 

L. reuteri, P+R, 7 pens) for 28 days. Body weight and feed intake were recorded weekly. 

Diarrhoea occurrence was assessed weekly by the faecal score (0–3; considering 

diarrhoea ≥ 2). At 0 and 28 days, faecal samples were obtained from four piglets per 

pen for microbiological analyses and serum samples were collected from two piglets 

per pen for serum metabolic profiling. Treatments significantly reduced diarrhoea 

occurrence and decreased the average faecal score (0.94 ± 0.08 CTRL, 0.31 ± 0.08 PLA, 

0.45 ± 0.08 REU, 0.27 ± 0.08 P+R; p < 0.05). The PLA group registered the lowest number 

of diarrhoea cases compared to other groups (20 cases CTRL, 5 cases PLA, 8 cases REU, 

10 cases P+R; p < 0.01). After 28 days, the globulin serum level increased in PLA 

compared to the other groups (24.91 ± 1.09 g/L CTRL, 28.89 ± 1.03 g/L PLA, 25.91 ± 1.03 

g/L REU, 25.31 ± 1.03 g/L P+R; p < 0.05). L. plantarum and L. reuteri could thus be 

considered as interesting functional additives to prevent diarrhoea occurrence in 

weaned piglets. 

 

Keywords: Lactobacillus plantarum; Lactobacillus reuteri; probiotics; lactobacilli; 

functional nutrition; diarrhoea prevention; intestinal health; weaned pig 

 

1. Introduction 

In livestock farming, effective alternatives to antibiotics that are able to promote 

health and prevent pathologies are urgently required to tackle antibiotic resistance [1–

3], and replacing and reducing antibiotic treatments is one of the main targets of 

European policies [4]. This became even more important after the removal from the 

market of zinc oxide (ZnO) as a veterinary therapeutic treatment [5,6]. This decision 

was taken due to the observed increase in heavy metal environmental pollution and 

scientific evidence showing that ZnO co-selects antibiotic-resistant bacteria [7,8]. ZnO 

has been used widely after the ban on antibiotics as a growth promoter over the last 

decade [6,9–11]. Alternatives to ZnO and antibiotics are thus required particularly 

during the weaning phase due to the high incidence of enteric disorders and 

multifactorial diseases such as post-weaning diarrhoea (PWD) [12,13]. The 

gastroenteric tract (GIT) is a complex environment where the mucosal chemical 

barrier, immune system, microbiota and epithelium all impact intestinal health [14,15]. 

Preserving intestinal health decreases the incidence of pathologies, optimises digestive 

processes and promotes animal performance. There is increased awareness regarding 
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the role of diet, not only as a physiological requirement, but also in the enhancement 

of animal and human health and in the prevention of specific pathologies [16]. The 

modulation of intestinal microbiota by dietary approaches, such as the use of feed 

additives, is one of the most promising strategies to reduce the risk of pathologies in 

food-producing animals [17,18].  

Probiotics are functional feed additives defined as “live microorganisms which, 

when administered in adequate amounts, confer a health benefit on the host” [19]. 

Their potential mechanisms of action affect the intestinal microbial ecology through 

the manipulation of microbiota that lower the luminal pH, the competitive inhibition 

of pathogen strains, the production of bacteriocins with antimicrobial proprieties and 

the stimulation of the host immune system [20]. Probiotic supplementation in animal 

diets helps prevent or treat a variety of intestinal disorders, although their mechanisms 

of actions are not completely known [21]. Lactic acid bacteria include over two-

hundred species and subspecies of which Lactobacillus sp., Lactococcus sp., Spreptococcus 

sp. and Enterococcus sp. are used as probiotics for monogastric animals [22]. 

Lactobacillus plantarum is included in the European register of feed additives [8] as 

a preservative (1; a), silage additive (1; k), microorganism (1; k) and gut flora stabilizer 

for chickens (4; b). In several in vitro and in vivo studies, some strains of L. plantarum 

demonstrated a protective activity against epithelial intestinal barrier impairment, 

restoring the function of thigh junctions and reducing paracellular permeability 

[23,24]. In addition, L. plantarum CGMCC 1258 supplemented at 5 × 1010 CFU/kg 

showed its positive effect in weaned piglets challenged with Escherichia coli K88, 

inhibiting diarrhoea and improving zootechnical performance [25]. In parallel, 

Lactobacillus reuteri was included in the EU feed additive register as a microorganism 

(1; k) until its withdrawal in 2012 [8] due to a lack of the required documentation. This 

microorganism is not seen as being dangerous and no issues related to its safety were 

mentioned in the EU commission decision [26], since it is included in the Qualified 

Presumption of Safety (QPS) list of the European Union [27]. 

Lactobacillus reuteri I5007 has shown a potential to improve thigh junction 

expression in newborn piglets and has been found to have protective effects after lipo-

polysaccharide (LPS)-induced stress in vitro [21]. L. reuteri strains TMW1.656 and 

LTH5794 produce reuteran which can decrease the adhesive capacity of ETEC E. coli 

[28]. However, several studies have shown the positive impact of various L. plantarum 

and L. reuteri strains on improving piglet performance, diarrhoea prevention, stress 

alleviation, immunity and microbiota modulation [29].  

Since few papers have assessed the effects of L. plantarum and L. reuteri strains and 

their synergy through a wide range of bacterial combination and supplementation 

levels, more studies are required to clarify the functional proprieties and the optimal 
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inclusion level of these two bacterial strains on diarrhoea prevention in weaned 

piglets. In addition, probiotics may interact with the host metabolism [30] through 

their hypocholesterolemic and liver protection effects [31,32]. Furthermore, the 

bacterial combination does not always result in a synergistic effect, also showing 

possible competition among probiotic strains [33]. The aim of the study was to 

evaluate L. plantarum, L. reuteri and whether their combined supplementation reflects 

synergistic or antagonistic effects on diarrhoea prevention, metabolic status and 

performance in weaned piglets. 

 

2. Materials and Methods 

2.1. Species-Specific PCR 

Single colonies of L. plantarum and L. reuteri, isolated from swine, obtained from 

the Biotecnologie BT (Perugia, Italy) strain collection were cultured in De Man, Rogosa 

and Sharpe (MRS) medium for 24 h in anaerobiosis conditions at 37 °C. Bacterial 

strains were diluted in 20 µL of lysis solution (microLYSIS® solution, Clent Life 

Science, Stourbridge, England) and thermically lysed following the manufacturer’s 

instructions. After lysis, in order to confirm bacterial species, 2 µL of extracted DNA 

was used for a PCR reaction through species-specific primers, following the protocol 

previously described by Torriani et al. [34] for L. plantarum and Song et al. [35] for L. 

reuteri. PCR reaction was performed with 17 µL of PCR master mix (Client Life Science, 

Stourbridge, England) and 0.5 µL (0.25 µM) of specific primers. L. plantarum 

ATCC®14917™ and L. reuteri DSM 20016 DNA were included as positive controls. 

 

2.2. Minimal Inhibitory Concentration (MIC) 

In order to assess the possible presence of antibiotic-resistant genes in L. 

plantarum and L. reuteri isolated strains, a minimal inhibitory concentration test was 

performed. MICs were assessed following ISO 10932 IDF 223 guidelines, adopting 

VetMIC Lact-1 (version 1) and VetMIC Lact-2 (version 2) (National Veterinary 

Institute, SVA) (Annex I and II). L. plantarum ATCC®14917™ was included as a positive 

control. L. reuteri and L. plantarum were tested for 16 antibiotic molecules (gentamicin, 

kanamycin, streptomycin, neomycin, tetracycline, erythromycin, clindamycin, 

chloramphenicol, ampicillin, penicillin, vancomycin, quinupristin/dalfopristin, 

linezolid, trimethoprim, ciprofloxacin and rifampicin). 

 

2.3. Gastric Acid and Simulated In Vitro Digestion Resistance  

Bacterial cultures of L. reuteri and L. plantarum were diluted in MRS broth in order 

to obtain an optical density of 0.1 measured at 600 nm (V-630 UV-vis, Jasco 
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Deutschland GmbH, Germany). For the gastric acid tolerance test, both bacterial 

strains were incubated at different pH levels (2, 3, 4, 5, 7 and the control, i.e., medium 

in which the pH had not been changed), obtained by adding HCl (1 M) monitoring 

with a pH meter. To perform this assay, bacterial cultures were incubated for 1 h at 30 

°C. Bacterial cultures were then diluted and plated on MRS agar using the overlay 

method [36]. Plates were incubated at 30 °C and the colonies were counted after 48 h. 

Strain tolerances to in vitro-simulated gastrointestinal tract (GIT) conditions were 

evaluated according to Charteris et al. [37] and Jensen et al. [38], with minor 

adaptations. Three independent assays were performed for each strain. The MRS broth 

with lactobacillus inoculum were incubated at 37 °C for 24 h in anaerobic conditions. 

To simulate the oral phase, a 10-mL bacterial culture aliquot was added to 10 mL of a 

sterile electrolyte solution (0.22 g/L CaCl2, 16.2 g/L NaCl, 2.2 g/L KCl and 1.2 g/L 

NaHCO3) containing 2.0 g/L pepsin (Sigma-Aldrich Co., Saint Louis, MO, USA) and 

the first sampling was performed. A gastric resistance assay was performed by 

adjusting the pH to 3.0 by the addition of HCl (1 M) to activate pepsinogen. The 

sampling was performed after 90 min of incubation at 37 °C under stirring. A total of 2 

mL was then sampled in two tubes for each strain and the cell pellets were obtained by 

centrifugation at 12,000 rpm for 5 min at 4 °C. In order to simulate duodenal shock 

phase, the bacterial pellet of one tube for each strain was resuspended in 2 mL of sterile 

saline solution (16.30 g K2HPO4, 0.9 g KH2PO4) supplemented with 0.25 g of porcine 

bile extract (Oxgall, Merck, Darmstadt, Germany) and subsequently sampled after 10 

min of incubation at 37 °C. To evaluate lactobacilli resistance to intestinal conditions, 

the bacterial pellet of the remaining tube of each strain was resuspended in 2 mL of 

sterile saline solution containing 0.075 g of porcine bile extract and 0.025 g of porcine 

pancreatin (Sigma-Aldrich Co., Saint Louis, MO, USA). The last sampling was 

performed after the incubation for 240 min at 37 °C. Bacterial viability was assessed by 

plate counting on MRS agar for each sampling point using the overlay method [36]. 

Plates were then incubated at 30 °C for 48 h, and visible colonies were enumerated.  

 

2.4. Small-Scale Fermentation and Freeze-Drying Resistance 

In order to optimise biomass production conditions for experimental trial dietary 

inclusion, a small-scale fermentation was adopted. A 3 L bioreactor was employed to 

produce bacterial biomass inoculating fresh L. reuteri and L. plantarum cultures in 2.5 

L of MRS (pH 5.2) supplemented with 2% of glucose maintained at 37 °C, stirred at 10 

rpm, to harvest bacteria after 18 and 24 h. Bacterial biomasses were weighted after 

centrifugation at 4 °C, 4800 rpm, for 25 min. Viability was assessed by resuspending 

bacterial biomass and performing plate counting after 48 h of incubation under 

anaerobic conditions at 37 °C. Bacterial samples stored at −80 °C were freeze-dried and 
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samples were heated for 1440 min with 0.2 mbar of pressure for the condenser. The 

biomass obtained and the vitality of lactobacilli strains were measured by weighting 

and plate counting, respectively. 

 

2.5. Bacterial Fermentation for Experimental Trial Batch Production  

Large-scale fermentations were adopted following the previously described 

conditions. A total of 3 L of fresh bacterial cultures were inoculated to 30 L of MRS (pH 

5.2) supplemented with 1% of saccharose, maintained at 35 °C, and stirred at 10 rpm 

for 24 h. Biomass was harvested through centrifugation at 4200 rpm, 4 °C for 45 min 

and cryopreservation solution (43 g/L Na citrate, 28.6 g/L glucose, 28.6 g/L saccharose, 

28.6 g/L milk powder and 28.6 g/L ascorbic acid; 1:2, w/v) was added before freee-

drying. 

 

2.6. Experimental Design, Animal Housing and Dietary Treatments 

The experimental trial was performed in accordance with European regulations 

[39] and approved by the Animal Welfare Organisation of University of Milan (OPBA 

authorisation n° 09/2020). The in vivo trial was performed on a commercial farm free 

from pathologies included in the ex-list A of World Organization of Animal Health 

(OIE): atrophic rhinitis, Aujeszky disease, porcine reproductive respiratory syndrome, 

salmonellosis and transmissible gastroenteritis. Three-hundred and fifty piglets 

(Landrace × Large White) weaned at 28 ± 2 days and homogeneous in terms of sex 

(50% male and 50% female) and weight (7.48 ± 1.07 kg) were identified by individual 

ear tags and randomly divided into four experimental groups. Animals were allotted 

in 25 different pens (14 piglets/pen) in standardised environmental conditions (27 °C, 

60% relative humidity) for 28 days. After three days of an adaptation period when the 

animals were fed the same basal diet in order to enable them to overcome the typical 

post weaning fasting, piglets were assigned to four experimental groups and were fed 

ad libitum: the control group (CTRL: 84 piglets, 6 pens, 7.46 ± 0.13 kg) the basal diet; 

the L. plantarum treated group (PLA: 84 piglets, 6 pens, 7.49 ± 0.12 kg) basal diet 

supplemented with 2 × 108 CFU/g of Lactobacillus plantarum; the L. reuteri treated group 

(REU: 84 piglets, 6 pens, 7.62 ± 0.12 kg) basal diet plus 2 × 108 CFU/g of L. reuteri, and 

the L. plantarum and L. reuteri combination group (P+R: 98 piglets, 7 pens, 7.36 ± 0.11 

kg) fed basal diet plus 1 × 108 CFU/g of both bacterial strains. Treatments were 

balanced for each group. The P+R group was characterised by one additional pen in 

order to include the entire trial room in the experimental design. All the diets were 

isoproteic and isoenergetic (Table 1) balanced using Plurimix System®software 

(Fabermatica, Cremona, Italy) in line with nutritional requirements for post-weaned 

piglets [40], and were provided by Ferraroni S.p.A. (Cremona, Italy). Considering the 
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small amount of freeze-dried lactobacilli powder included, the bacterial strains were 

premixed with wheat flour to ensure a homogeneous dispersion before being added 

to the horizontal mixer. For the whole diet, 2% of the wheat meal was substituted with 

2% of the experimental mix (wheat flour + bacterial strain in order to reach a 

concentration in the final preparation of 2 × 108 CFU/g). 

Experimental diets were analysed in duplicate for lactobacilli viability by plate 

counting and principal nutrient content [41]: dry matter (DM), crude protein (CP), 

ether extract (EE), crude fiber (CF) and ash concentrations. DM was obtained by drying 

samples in pre-weighed aluminium jars through a forced air oven at 65 °C. CP was 

determined by the Kjeldahl method. EE was assessed by performing ether extraction 

in a Soxtec. CF was determined by the filtering bag method. Ash content was measured 

after incinerating samples in a muffle furnace at 550 °C. The fatty acid profile of the 

experimental diets was analysed starting from a total lipid extraction and the fatty acid 

methyl esters were prepared according to Christie and Han [42]. The fatty acid analysis 

was carried out using gas chromatography (TRACE GC Ultra, Thermo Fisher 

Scientific, Rodano, Italy) fitted with an automatic sampler (AI 1300, Thermo Fisher 

Scientific) and flame ionization detector (FID). An RT-2560 fused silica capillary 

column (100 m × 0.25 mm × 0.25 μm film thickness; Restek, Milan, Italy) was used with 

a programmed temperature from 80 °C to 180 °C at 3 °C/min, then from 180 °C to 250 

°C at 2.5 °C/min, which was then held for 10 min. The carrier gas was helium at 1.0 

mL/min with an inlet pressure of 16.9 psi. A quantitative procedure was used where 1 

mL of internal standard (1 mg/mL 23:0 methyl ester; N-23-M; Nu-Chek Prep Inc., 

Elysian, MN, USA) was added prior to methylation. The fatty acid methyl ester 

(FAME) contents were quantified by weight as a percentage of the total FAMEs. All 

analyses were performed in duplicate. 

 

Table 1. Diet composition and principal chemical characteristics of experimental trial (% as fed basis) 

divided by control (CTRL, fed basal diet) and treatment groups (TRT, fed basal diet supplemented with 

2 × 108 CFU/g of Lactobacillus plantarum; 2 × 108 CFU/g of Lactobacillus reuteri and 1 × 108 CFU/g of both 

bacterial strains; PLA, REU and P+R, respectively). 

Ingredients, % as Fed Basis CTRL TRT 

Barley, meal 26.84 26.84 

Wheat, meal 12.45 10.45 

Corn, flakes 11.63 11.63 

Corn, meal 10.00 10.00 

Barley, flakes 7.50 7.50 

Soy protein concentrates 5.00 5.00 

Biscuits, meal 4.00 4.00 

Soybean, meal 4.00 4.00 

Dextrose monohydrate 3.50 3.50 

Sweet milk whey 3.20 3.20 

Herring, meal 2.00 2.00 
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Plasma, meal 2.00 2.00 

Organic acids 1 1.70 1.70 

Coconut oil 1.00 1.00 

Soy oil 1.00 1.00 

Arbocel 2 0.70 0.70 

Dicalcium phosphate 0.60 0.60 

L-Lysine 0.60 0.60 

Benzoic acid 0.50 0.50 

Vitamin and mineral premix 3  0.50 0.50 

DL-Methionine 0.39 0.39 

L-Threonine 0.35 0.35 

Sodium Chloride 0.27 0.27 

L-Valine (96.5%) 0.12 0.12 

Enzymes 4  0.10 0.10 

L-Tryptophan 0.05 0.05 

Experimental mix 5 - 2.00 

Calculated Chemical Composition 6 

Crude protein (%)  17.00 17.00 

Fat (%)  4.20 4.20 

Crude fibre (%)  2.90 2.90 

Ashes (%)  5.20 5.20 

DE 7 (Mc/Kg)  3.92 3.83 
1 Citric acid, fumaric acid, orthophosphoric acid, sorbic acid, calcium formate. 2 Crude fibre concentrate 

(Rettenmaier & Söhne GmbH + Co KG, Rosenberg, Germany).3 Additives per Kg: Vitamins, pro-

vitamins and substances with similar effect. Retinyl Acetate 15,000 IU, Vitamin D3-Cholecalciferol 2000 

IU, Vitamin E 120 mg, Vitamin B1 2.0 mg, Vitamin B2 4.8 mg, Vitamin B6 3.4 mg, Calcium D-

pantothenate 15.0 mg, Vitamin B12 0.030 mg, Vitamin K3 1.9 mg, Biotin 0.19 mg, Niacinamide 30.0 mg, 

Folic Acid 0.96 mg, Vitamin C 144 mg, Choline chloride 288 mg, Betaine hydrochloride 1000 mg, 

Compounds of trace elements Iron sulphate 115 mg, Manganese Oxide 48.0 mg, Zinc Oxide 96.1 mg, 

Copper Oxide 130 mg, Anhydrous Calcium Iodate 0.96 mg, Sodium Selenite 0.34 mg. 4 6-phytase, endo-

1,4-beta-xylanase, endo-1,3(4)-beta-glucanase.5 Experimental mix was composed of wheat flour 00, and 

the respective bacterial strain according to dietary treatments: L. plantarum (PLA), L. reuteri (REU), L. 

plantarum and L. reuteri combination (P+R) in order to reach a final concentration of 2 × 108 CFU/g in 

the complete diet. 6 Calculation performed with Purimix System® software (Fabermatica, Cremona, 

Italy).7 DE: digestible energy content estimated from NRC (2012). 

 

2.7. Animal Performance, Diarrhoea Occurrence and Biological Sample Collection 

Body weight (BW) was recorded individually at day 0 (T0), day 7 (T1), day 14 (T2), 

day 21 (T3) and day 28 (T4). Feed intake was recorded weekly by measuring the feed 

refused for each pen, considering the pen as the experimental unit. Other performance 

parameters: average daily gain (ADG), average daily feed intake (ADFI) and feed 

conversion ratio (FCR) were calculated. Four piglets per pen were randomly selected 

for faecal sample collection and microbiological analysis (24 piglets CTRL, 24 piglets 

PLA, 24 piglets REU, 28 piglets P+R; balanced per weight and sex) for the entire 

experimental period. 

Diarrhoea occurrence was recorded weekly by evaluating the faecal consistency 

which was given a faecal score: a four-level scale (0 = dried consistency, 1 = soft 
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consistency, 2 = mild diarrhoea, 3 = severe diarrhoea). Faecal colour was evaluated 

through a three-level colour scale: 1 = yellowish, 2 = greenish, 3 = brown; considering 

≥ 2 as a normal score [12].  

Blood samples were obtained from the jugular vein at T0 and T4 through vacuum 

tubes from two randomly selected piglets per pen, balanced in terms of weight and 

sex, maintained over time for the entire experimental period. 

 

2.8. Microbiological and pH Evaluation of Faecal Samples 

Faecal samples were analysed for the total countable bacteria, lactic acid bacteria 

and coliform bacteria through three different types of culture media: Plate Count Agar 

(PCA), De Man, Rogosa and Sharpe Agar (MRS) and Violet Red Bile Broth Agar 

(VRBA), respectively. One gram of faecal sample was diluted and homogenised with 

10 mL of sterile 0.9% NaCl solution and centrifugated (3000 rpm, 10 min) to collect the 

supernatants. Samples were then serially diluted tenfold, and microorganisms were 

enumerated by plate counting after 24 h of incubation at 37 °C. The lactic acid/coliform 

bacteria ratio was calculated based on plate counting data from MRS and VRBA agar. 

The results were expressed as log10 of colony-forming units per gram of faeces (log10 

CFU/g). Fresh faecal samples of pH of T4, diluted in 10 mL of 0.9% NaCl solution and 

subsequently centrifugated, were measured on the supernatant through a pH meter. 

 

2.9. Serum Metabolites  

Serum samples were obtained by centrifugation (3000 rpm, 15 min) and analysed 

for the concentration of: total protein (g/L), albumin (g/L), globulin (g/L), 

albumin/globulin (A/G ratio), alanine aminotransferase (ALT-GPT; IU/L), glucose 

(mmol/L), urea (mmol/L), creatinine (µmol/L), total bilirubin (µmol/L), total 

cholesterol (mmol/L), triglycerides (mmol/L), high-density lipoprotein (HDL; 

mmol/L), low-density lipoprotein (LDL; mmol/L), phosphorus (mmol/L) and 

magnesium (mmol/L) levels with a multiparametric autoanalyzer for clinical 

chemistry (ILab 650; Instrumentation Laboratory Company, Lexington, MA, USA) at 

37 °C. Serum concentration of interleukins 3, 6 and 10 were also quantified 

immunoenzymatically using enzyme-linked immunosorbent assay (ELISA) kits 

specific for swine species according to the manufacturer’s instructions (Bioassay 

Technology Laboratory, Shanghai, China), and concentrations were calculated by 

fitting the relative standard curves with CurveExpert 1.4 software. 

 

2.10. Statistical Analysis  

The results were analysed using a repeated-measures ANOVA using JMP 14 Pro® 

(SAS Inst. Inc., Cary, NC, USA). Zootechnical performance, faecal score data and faecal 
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bacterial counts were evaluated using a full factorial model (Treatment: Trt, Time: 

Time, Interaction: Trt × Time). Data related to acid resistance, in vitro simulated 

digestion, blood metabolism and faecal pH at T4 were assessed through analysis of 

variance (ANOVA). Diarrhoea incidence was obtained by converting the faecal score 

data into a dichotomous variable (presence or absence) in order to evaluate observed 

frequencies through the Pearson’s Chi-Squared test. Multiple comparisons among 

groups were evaluated by performing Tukey’s Honest Significance Difference test 

(Tukey’s HSD). The results were presented as least square means ± standard errors 

(SE). The means were considered different when p ≤ 0.05 and statistically tendent for 

0.09 ≤ p < 0.05. 

 

3. Results  

3.1. Species-Specific PCR 

PCR reaction confirmed the expected fragment of 318 bp for L. plantarum and 303 

bp for L. reuteri (Figure S1). 

 

3.2. Minimal Inhibitory Concentrations 

The results of the MIC concentrations tested revealed a bacterial susceptibility to 

a wide range of antibiotics (Table S1). 

 

3.3. Acid and Simulated In Vitro Digestion Resistance  

Bacterial strains exposed to a different pH range showed a statistically significant 

drop in viability at pH 2, with L. plantarum and L. reuteri registering a bacterial count 

of 8.09 ± 0.11 and 9.00 ± 0.02 log10 CFU/mL, respectively (p < 0.0001), compared to their 

relative controls at pH 7 (9.60 ± 0.08 and 10.79 ± 0.02 log10 CFU/mL, respectively) 

(Figure 1). Regarding the simulated gastrointestinal digestion, both bacterial strains 

exhibited an optimal capacity to survive with each tested condition, including gastric 

juice, bile shock and intestinal juice, without registering any significant decrease in 

viability compared to their relative initial microbial charge (Figure 2). 
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Figure 1. Acid resistance assay from pH 2 to 7 for L. plantarum and L. reuteri. Data are expressed as least 

square means (LSMEANS) and standard errors (SE). a–b-c Means with different superscript letters 

indicate statistically significant differences (p < 0.05). 

 

 
Figure 2. Simulated in vitro gastrointestinal digestion resistance of L. plantarum and L. reuteri. Data are 

expressed as least square means (LSMEANS) and standard errors (SE). T0 corresponds to the initial 

microbial charge measured before gastrointestinal environment simulation. 

 

3.4. Small-Scale Fermentation and Freeze-Drying Resistance 

The results of small-scale fermentations showed similar biomass gain and CFU/g 

viability for both strains considering 18 and 24 h of fermentation time and registering 

2.25 × 1011 CFU/g biomass for L. plantarum and 1.72 × 1011 CFU/g biomass for L. reuteri 

after 24 h of fermentation (Table S2). Freeze-drying led to a loss in viability of about 1 

log considering the initial lactobacilli count (Table S3). 
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3.5. Bacterial Fermentation for Experimental Trial Batch Production  

Large-scale fermentation performed with 30 L of bacterial culture produced 

206.15 and 376.43 g of L. plantarum and L. reuteri biomass, respectively (Table S4). The 

freeze-dried bacteria were then used to prepare the experimental diets for a final 

concentration in feed of 2 × 108 CFU/g. 

 

3.6. Evaluation of Experimental Diets 

Experimental diet evaluation of lactobacilli viability and principal nutrient content 

revealed a bacterial viability loss of 10% and nutrient concentrations in line with NRC 

[40] guidelines, thus fulfilling the nutritional requirements of weaned piglets. The 

inclusion of bacterial strains did not influence the nutrient profile of treatment groups 

(Table 2). 

 

Table 2. Chemical composition of experimental diets divided by control (CTRL) and treatment groups 

(PLA, REU and P+R). 

Analyte CTRL PLA REU P+R 

DM  90.89 91.14 91.14 90.78 

CP  16.34 17.01 16.38 16.64 

EE 3.98 3.78 3.74 3.80 

CF 3.60 3.65 3.34 3.40 

Ashes 4.59 4.49 4.54 4.25 

FA Composition (% Total FAMEs) CTRL TRT 

Caproic acid, C6:0 0.04 0.04 

Caprylic acid, C8:0 1.00 1.10 

Capric acid, C10:0 1.12 1.21 

Undecanoic acid, C11:0 0.00 0.00 

Lauric acid, C12:0 10.85 11.69 

Tridecanoic acid, C13:0 0.01 0.01 

Myristic acid, C14:0 5.23 5.45 

Mysticoleic acid, C14:1 0.01 0.01 

Pentadecanoic acid, C 15:0 0.05 0.06 

cis-10 Heptadecenoic acid, C 17:0 0.00 0.00 

Stearic acid, C 18:0 15.17 14.95 

Elaidic acid, C 18:1 n9t 0.23 0.22 

Oleic acid, C 18:1 n9c 0.09 0.08 

Linolelaidic acid, C18:2 n6t 0.00 0.00 

Linoleic acid, C 18:2 n6c 4.34 4.07 

γ-Linolenic acid, C 18:3 n6 0.05 0.04 

α-Linolenic acid, C18:3 n3 22.71 22.50 

Arachidic acid, C 20:0 0.00 0.00 

Cis-11 Eicosenoic acid, C20:1 34.42 33.92 

Cis-11,14 Eicosenoic acid, C20:2 0.04 0.04 

Cis-8,11,14 Eicosatrienoic acid, C20:3 n6 2.65 2.74 

Cis-11,14,17 Eicosatrienoic acid, C20:3 n3 0.31 0.29 

Arachidonic acid, C20:4 n6 0.43 0.40 

Cis-5,8,11,14,17 Eicosapentaenoic acid, C20:5 n3 0.05 0.04 

Heneicosanoic acid, C21:0 0.00 0.00 
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Behenic acid, C22:0 0.01 0.01 

Erucic acid, C22:1 n9 0.02 0.02 

Cis-13,16 Docosadienoic acid, C22:2 0.26 0.25 

Cis-4,7,10,13,16,19 Docosahexaenoic acid, C22:6 n3 0.02 0.02 

Lignoceric acid; C24:0 0.25 0.23 

Nervonic acid, C24:1 0.04 0.04 

SFA 38.64 39.36 

MUFA 23.52 23.25 

PUFA 37.83 37.39 

DM: dry matter; CP: crude protein; EE: ether extract; CF: crude fibre; FA: fatty acids; FAMEs: fatty acid 

methyl esters; SFA: saturated fatty acids, MUFA monounsaturated fatty acids, PUFA: polyunsaturated 

fatty acids. All values are expressed as percentage as fed basis (%). CTRL: control group; PLA: treatment 

group supplemented with 2 × 108 CFU/g of L. plantarum; REU: treatment group supplemented with 2 × 

108 CFU/g of L. reuteri; P+R: treatment group supplemented with 2 × 108 CFU/g of L. plantarum and L. 

reuteri (1:1 w/w); TRT: treatment group supplemented with 2 × 108 CFU/g of lactobacilli. 

 

3.7. Zootechnical Performance  

The results of individual BW recorded weekly showed no significant differences 

throughout the experimental period (Figure 3). The average BW of CTRL and PLA 

groups revealed a statistically significant tendency compared to P+R considering the 

entire experimental period (10.45 ± 0.19; 10.42 ± 0.17; 9.84 ± 0.16 kg, respectively; p < 

0.09). In addition, the effect of treatments on ADG for the entire experimental period 

was significantly different for CTRL, REU and P+R groups, which showed a reduced 

average gain for treated groups with L. reuteri (CTRL: 260 ± 9, REU: 220 ± 8, P+R: 229 ± 

7 g/day; p < 0.05). The ADFI of the supplemented groups decreased during the second 

week (7–14 days) of the study (CTRL: 490 ± 24, PLA: 281 ± 24; REU: 334 ± 24, P+R: 318 

± 22 g/day; p < 0.01). The FCR parameter highlighted an increased ratio in P+R group 

compared to CTRL, PLA and REU during the first week (0–7 days; CTRL: 2.89 ± 0.24; 

PLA: 2.67 ± 0.24; REU: 2.67 ± 0.24; P+R: 4.32 ± 0.23; p < 0.01). 

 

3.8. Diarrhoea Occurrence 

Considering the entire experimental period, diarrhoea observed frequencies 

differed significantly among treatments (p < 0.01). The highest number of cases of 

diarrhoea (20 cases) was found in the CTRL group, while 13 and 10 cases were 

recorded in the REU and P+R groups, respectively. The lowest number of diarrhoea 

cases (five cases) was recorded in the PLA group (Figure 4). Data on diarrhoea 

incidence considering each timepoint showed a statistically significant increase in 

CTRL compared to the treated groups at T2 (CTRL: 6 cases, 25.00%; PLA: 0 cases, 

0.00%; REU 0 cases, 0.00%; P+R: 2 cases; 7.14%; p < 0.01) (Figure 5A). At the last 

sampling point (T4), diarrhoea occurrence was significantly lower in the PLA and P+R 

groups (CTRL: 7 cases; 29.17%; PLA: 0 cases, 0.00%; REU: 6 cases, 25.00%; P+R: 1 case; 

3.57%; p < 0.01). Average faecal scores of representative subgroups of evaluated piglets 



  

236 
 

revealed a higher score for the CTRL group compared with PLA at T1 (CTRL: 1.17 ± 

0.13; PLA: 0.40 ± 0.13; p < 0.01) (Figure 5B). The average faecal score of CTRL after 14 

days (T2) increased significantly compared with the treatment groups (CTRL: 1.31 ± 

0.13; PLA: 0.34 ± 0.13; REU: 0.24 ± 0.13; P+R: 0.16 ± 0.12; p < 0.0001). At 21 days (T3), 

P+R highlighted a lower score compared to the CTRL group (CTRL: 0.89 ± 0.13; P+R: 

0.18 ± 0.13; p < 0.05). PLA and P+R groups showed a significant decrease in average 

faecal score at the end of the trial compared to the CTRL group (CTRL: 1.16 ± 0.14; 

PLA: 0.13 ± 0.14; P+R: 0.17 ± 0.12; p < 0.0001). 

 

 
Figure 3. Zootechnical performance of control (CTRL) and treatment groups (PLA, REU and P+R) 

measured over 28 days of experimental trial. Data are expressed as least square means (LSMEANS) and 

standard errors of the means (SE); a–b Means with different superscripts are significantly different among 

treatments (p < 0.01); Presented p-values indicate statistically significances of pairwise comparisons; BW: 

body weight; ADG: average daily gain; ADFI: average daily feed intake; FRC: feed conversion ratio; 

CTRL: control group; PLA: treatment group supplemented with 2 × 108 CFU/g of L. plantarum; REU: 

treatment group supplemented with 2 × 108 CFU/g of L. reuteri; P+R: treatment group supplemented 

with 2 × 108 CFU/g of L. plantarum and L. reuteri (1:1 w/w). 
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Figure 4. Total diarrhoea cases recorded during the 28-day trial for the control (CTRL) and treatment 

groups (PLA, REU and P+R). Data are expressed as the sum of recorded cases of diarrhoea, considering 

a faecal score ≥ 2 diarrhoea; a–b-c Means with different superscripts are significantly different among 

treatments (p < 0.01). CTRL: control group; PLA: treatment group supplemented with 2 × 108 CFU/g of 

L. plantarum; REU: treatment group supplemented with 2 × 108 CFU/g of L. reuteri; P+R: treatment group 

supplemented with 2 × 108 CFU/g of L. plantarum and L. reuteri (1:1, w/w). 

 

 
Figure 5. Number of diarrhoea cases recorded (A) and average faecal scores (B) during the 28-day trial 

for the control (CTRL) and treatment groups (PLA, REU and P+R). (A) Data are expressed as the sum 

of the recorded cases of diarrhoea, considering faecal score ≥ 2 diarrhoea; a–b Means with different 

superscripts are significantly different among treatments (p < 0.01). (B) Data are expressed as least 

square means (LSMEANS) and standard errors (SE); * Means with asterisks are significantly different 

from the control group (CTRL, p < 0.0001). CTRL: control group; PLA: treatment group supplemented 

with 2 × 108 CFU/g of L. plantarum; REU: treatment group supplemented with 2 × 108 CFU/g of L. reuteri; 

P+R: treatment group supplemented with 2 × 108 CFU/g of L. plantarum and L. reuteri (1:1, w/w). 

 

3.9. Microbiological Analysis and Faecal pH 

Bacterial plate count results revealed no statistically significant difference among 

experimental groups at day 0 (T0) and after 28 days of the trial (T4) (Figure 6). 

However, a statistical tendency was observed for the lactic acid/coliform bacteria ratio 

at T4 comparing the CTRL and PLA groups (1.08 ± 0.10 and 1.54 ± 0.08 CFU/g, 

respectively; p < 0.09). Faecal pH measured at T4 revealed comparable averages among 
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CTRL and treated groups (CTRL: 7.00 ± 0.07; PLA: 7.02 ± 0.08; REU: 7.24 ± 0.10; P+R: 

7.09 ± 0.08). 

 

3.10. Serum Metabolism 

The results of serum metabolites showed no statistically significant differences 

over time for all experimental groups at T0 (Table S5). After 28 days, the PLA group 

showed a statistically significant increase in globulin content compared to the other 

groups (Table 3; p < 0.05). Consequently, the albumin/globulin ratio of the PLA group 

was lower than the other experimental groups (p < 0.05). Alanine aminotransferase 

(ALT) decreased significantly in the PLA and REU groups compared to the other 

groups (p < 0.01). The phosphorous concentration was higher in the P+R compared to 

PLA and REU groups (p < 0.05). The PLA group showed a decreased magnesium 

content in serum compared to the other groups (p < 0.05). Total cholesterol was lower 

in PLA and REU compared to the other experimental treatments (p < 0.05). In fact, high 

density lipoproteins were lower in PLA and REU compared to CTRL and P+R 

treatments (p < 0.01). 

 

Table 3. Serum metabolites concentration at 28 days (T4) of in vivo trial, for the control (CTRL) and 

treatments groups (PLA, REU and P+R). 

Serum Metabolite CTRL PLA REU P+R p-Value 

Total protein content, g/L 53.26 ± 1.23 54.85 ± 1.15 51.84 ± 1.15 52.09 ± 1.15 0.2576 

Albumin, g/L 28.35 ± 0.74 26.00 ± 0.70 25.94 ± 0.70 26.77 ± 0.70 0.0916 

Globulin, g/L 24.91 ± 1.09 a 28.89 ± 1.03 b 25.91 ± 1.03 a 25.31 ± 1.03 a 0.0455 

Albumin/Globulin (A/G) 1.16 ± 0.05 a 0.92 ± 0.05 b 1.06 ± 0.05 ab 1.01 ± 0.05 ab 0.0287 

Urea, mmol/L 1.06 ± 0.21 1.42 ± 0.20 0.96 ± 0.20 0.89 ± 0.20 0.2452 

Alanine aminotransferase 

(ALT-GPT), IU/L 
50.00 ± 2.89 a 38.22 ± 2.73 b 35.78 ± 2.73 b 46.00 ± 2.73 ab 0.0034 

Total bilirubin, µmol/L 1.84 ± 0.13 1.42 ± 0.12 1.45 ± 0.12 1.58 ± 0.12 0.1021 

Glucose, mmol/L 6.36 ± 0.47 6.31 ± 0.44 5.36 ± 0.44 6.41 ± 0.44 0.2926 

Phosphorus, mmol/L 3.19 ± 0.09 ab 2.87 ± 0.08 a 2.98 ± 0.08 a 3.30 ± 0.08 b 0.0038 

Magnesium, mmol/L 0.92 ± 0.04 a 0.77 ± 0.11 b 0.79 ± 0.12 ab 0.85 ± 0.13 ab 0.0196 

Creatinine, µmol/L 70.75 ± 3.51 77.33 ± 3.31 76.00 ± 3.31 81.10 ± 3.31 0.2175 

Total cholesterol, mmol/L 2.70 ± 0.14 a 2.20 ± 0.13 b 2.27 ± 0.13 b 2.68 ± 0.13 a 0.0195 

High density lipoprotein 

(HDL), mmol/L 
1.08 ± 0.06 a 0.77 ± 0.06 b 0.81 ± 0.06 b 1.04 ± 0.06 a 0.0011 

Low density lipoprotein 

(LDL), mmol/L 
1.50 ± 0.09 1.26 ± 0.09 1.31 ± 0.09 1.52 ± 0.09 0.1173 

Triglycerides, mmol/L 0.58 ± 0.08 0.83 ± 0.07 0.70 ± 007 0.60 ± 0.07 0.0764 

Interleukin 3, pg/L 17.80 ± 1.98 14.78 ± 2.17 17.28 ± 2.17 17.90 ± 2.17 0.7098 

Interleukin 6, pg/L 166.47 ± 45.87 152.65 ± 45.87 155.06 ± 45.87 166.48 ± 45.87 0.9941 

Interleukin 10, pg/L 10.67 ± 2.13 8.91 ± 2.13 8.49 ± 2.13 10.80 ± 2.13 0.8158 

Data are expressed as least square means (LSMEANS) ± standard errors (SE). a–b Means with different 

superscripts are significantly different among treatments (p < 0.05). CTRL: control group; PLA: 

treatment group supplemented with 2 × 108 CFU/g of L. plantarum; REU: treatment group supplemented 
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with 2 × 108 CFU/g of L. reuteri; P+R: treatment group supplemented with 2 × 108 CFU/g of L. plantarum 

and L. reuteri (1:1, w/w). 

 

 
Figure 6. Faecal colonies of the principal bacterial groups (total countable bacteria, lactic acid bacteria, 

coliform bacteria and lactic acid/coliform ratio) for the control (CTRL) and treatment groups (PLA, REU 

and P+R) measured at the beginning (T0) and after 28 days of the trial (T4). Data are expressed as least 

square means (LSMEANS) and standard errors (SE). CTRL: control group; PLA: treatment group 

supplemented with 2 × 108 CFU/g of L. plantarum; REU: treatment group supplemented with 2 × 108 

CFU/g of L. reuteri; P+R: treatment group supplemented with 2 × 108 CFU/g of L. plantarum and L. reuteri 

(1:1, w/w). 

 

4. Discussion 

Weaning is a critical phase characterised by a high incidence of gastrointestinal 

disorders. Probiotics may support intestinal health during this particular phase. This 

study focused on the effects of the dietary supplementation of L. plantarum and L. 

reuteri and their combination on the performance, metabolic status and gut health in 

weaned piglets. Lactic acid bacteria need to be ingested when administered as 

probiotics. They therefore need to reach the intestinal environment in a viable state in 

order to exert their wide range of positive activities. Probiotic bacteria are thus 

required to pass through the gastric environment where the pH reaches 2.5 [43].  
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The results related to acid tolerance showed that both L. plantarum and L. reuteri 

tolerate pH levels above 2 without losing significant viability. In line with our study, 

Yun et al. [44] demonstrated that L. plantarum and L. reuteri were able to resist pH 

levels from 4 to 9, meanwhile at pH 2, both strains showed a similar survival reduction 

(20%) after 6 h of incubation. Lukacova et al. [45] reported that more than 90% of L. 

plantarum strains need to survive at pH 3 in order to act as probiotics.  

In vitro simulated gastrointestinal tract transit tolerance is an important assay to 

evaluate the properties of probiotics. L. plantarum and L. reuteri strains showed an 

efficient ability to survive under each tested condition. In fact, L. plantarum and L. 

reuteri tolerate the gastric and small intestinal environment depending on the strain 

tested [38,46,47]. Bove et al. [48] evaluated the survival ability of L. plantarum WCFS1 

in an oro-gastric-intestinal tract model, highlighting that this particular strain survives 

the entire digestion process. Our results suggest that L. plantarum and L. reuteri strains 

could be provided in feed and reach the intestinal environment without a significant 

viability loss, also without the need for other protection forms (e.g., 

microencapsulation). 

The nutrient profile of experimental diets assessed by our chemical analyses was 

in line with post weaning piglet requirements following NRC guidelines [40]. Our 

experimental design considered a three-day adaptation period in order to enable 

piglets to adapt to the new environment and to be accustomed to feeding only on a 

solid diet, thus overcoming post-weaning fasting. Zootechnical performance is key to 

farm profitability and also an indirect index of animal health. Body weight showed a 

constant increase over the 28 days of our trial without significant differences among 

groups. Although the daily gain calculated for the 28 days was lower for REU and P+R 

than for CTRL, there were no differences considering all experimental groups for each 

timepoint (T1-T2-T3-T4). This thus highlighted that this slight reduction did not 

significantly impact the final body weight, ADG, ADFI and FCR of the animals. Other 

studies have shown a significant increase in body weight and average daily gain by 

including L. plantarum in the pig diet [25]. L plantarum supplemented at 109 CFU/d 

showed an improved weight gain when administered for 60 days [49]. Bentancur et al. 

[50] orally administered 109 CFU of L. plantarum CAM-6 from 21 to 49 days of age and 

found an increased daily gain and no differences in feed intake. In addition, L. reuteri 

strains supplementation have been shown to improve animal performance in weaned 

piglets [29,51]. Wang et al. [52] observed an increased feed intake and average daily 

gain with high doses of L. reuteri X-1 (1011 CFU/kg). Although several studies have 

shown boosting activity related to animal performance, the results are not directly 

comparable due to the different bacterial genotypes tested, animal ages, particular 

probiotic combinations, different in-feed inclusion levels or disparate 
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supplementation methods. Furthermore, in line with EFSA guidelines [53], 

zootechnical performance effects should be better clarified with a long-term study 

supplementing probiotics at higher dosages (1 × 109 CFU/g). 

Gastrointestinal disorders are a major problem in swine farming during the 

weaning phase, when diarrhoea is one of the most evident dysbiosis signs and one of 

the principal reasons for prescribing antibiotics. On the other hand, eubiosis represents 

a healthy gut that is achieved through a positive interaction between the host, 

microorganisms and the environment. Our results revealed a lower diarrhoea 

occurrence in the lactobacilli-supplemented groups. The lowest diarrhoea cases were 

recorded in the L. plantarum-supplemented group (PLA). Over time, the lactobacilli-

supplemented groups showed a lower faecal score, indicating an improved faecal 

consistency. The positive effect on diarrhoea was observed by administering different 

L. plantarum and L. reuteri strains to piglets individually. The prevention effects of L. 

plantarum on ETEC K88 have been observed in vitro and in vivo in a pig model through 

the stimulation of claudin-1, zonula occludens (ZO-1) and occludin expression, 

preventing epithelial barrier disruption [25,54]. Our results are in line with other 

studies where L. reuteri decreased diarrhoea incidence in piglets. In fact, L. reuteri 

supplemented at 2.4 × 105 CFU/g as a lactobacilli preparation complex decreased 

diarrhoea incidence by over 60% [55]. The in-feed supplementation of L. plantarum and 

L. reuteri confirms their positive contribution to eubiosis in the intestinal environment. 

In addition, these results suggest that single strains or a combination of these lactic 

acid bacteria could help prevent diarrhoea.  

The bacterial plate count after weaning (T0) highlighted a high prevalence of lactic 

acid bacteria, and a reduction in this class was observed after 28 days (T4). In general, 

during the neonatal phase, lactobacilli and lactic acid bacteria are more common in 

piglets due to the consumption of maternal milk. They decrease in the post weaning 

phase frequently due to solid diet feeding [56]. During the trial, statistical differences 

in faecal viable bacterial counts were not detected among treatments and the control 

group. However, De Angelis et al. [57] found high viable lactobacilli in piglet faeces 

when 1 × 1010 CFU/pig L. plantarum 4.1 and L. reuteri 3S7 were administered for 15 days. 

The lactic acid/coliform bacteria ratio can be considered as a practical index for efficacy 

tests of feed additives, aimed at promoting the immune defence. Higher values of the 

lactobacilli:coliform ratio are normally associated with increased resistance to 

intestinal disorders [58]. Even only a statistical tendency of PLA group was registered 

compared to CTRL for this index at T4. The whole lactobacilli supplemented groups 

showed a lactic acid/coliform bacteria ratio above 1.3. On the other hand, CTRL 

showed a similar prevalence of lactic acid and coliform bacteria, suggesting that lactic 

acid was more predominant than coliform bacteria in supplemented groups. 
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The serum metabolic profile was useful in evaluating animals’ health and 

nutritional status, in order to clarify the possible interaction between bacteria and the 

host metabolism. Our results revealed that individual lactobacilli and their combined 

supplementation was safe without impairing animal metabolism, since all the values 

are in the normal range for pigs. The metabolic parameters showed higher levels of 

globulin which directly reduced the A/G ratio in PLA compared to the CTRL group. 

Globulins are mainly represented by immunoglobulins and are an important marker 

of immune system activity. Our results are in line with Dong et al. [59] who found a 

significant increase in globulin, with a simultaneous decrease in the A/G ratio after 

five weeks of L. plantarum GF103 supplementation. In addition, an increased 

concentration of IgA was observed by combining L. plantarum GF103 and Bacillus 

subtilis B27 [59]. The administration of microencapsulated L. plantarum and 

fructooligosaccharide blend has been found to increase plasma IgA and IgG 

concentrations in pigs [60]. Naqid et al. [61] observed that L. plantarum B2984 and 

lactulose dietary supplemented enhanced IgG production in response to Salmonella 

typhimurium infection in pigs. ALT can be exploited as a serum marker of liver damage, 

whose increase is related to cell membrane damage. Alanine aminotransferase is 

specific for liver tissues and is more effective in assessing a decrease in cell liver 

damage [62]. Although our results are in line with normal range for pigs [63–66], PLA 

and REU groups showed a significant reduction in serum ALT at 28 days suggesting 

a possible protective effect of L. plantarum and L. reuteri on liver cells. Fang et al. [32] 

showed that L. plantarum CMU995 supplementation decreased the ALT levels 

inhibiting alcohol-induced hepatitis. In line with our results, many probiotic species 

(L. acidophilus, L. bulgaricus, Bifidobacterium lactis, Streptococcus termophylus) 

demonstrated a protective effect on liver [67]. Phosphorous and magnesium are 

fundamental coenzymes and regulate many biochemical reactions in mammals. The 

P+R group had a higher P content after 28 days of supplementation with the 

lactobacilli combination. The magnesium serum concentration was lower in the PLA 

group than in other treatments. The interaction of dietary nutrients and the activity of 

microbiota are directly involved in mineral absorption [68]. P+R and PLA groups 

serum mineral concentrations suggest that L. plantarum administration could 

modulate mineral utilisation. Total cholesterol serum level is an index of the 

lipometabolic status, which includes the free and bounded forms of HDL [69]. The 

PLA and REU groups showed a significant reduction in total cholesterol, mainly due 

to the registered decrease of HDL concentration. L. plantarum and L. reuteri have been 

reported as positively contributing to cardiovascular diseases [70,71]. Certain probiotic 

strains could enhance faecal excretion of bile acids and resulting in a decrease of serum 

cholesterol concentration [72]. In line with this, L. plantarum 9-41-A significantly 
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decreased hepatic cholesterol and TG levels when administered to rats fed a high-

cholesterol diet [73]. Our results are likely due to the ability of the lactobacilli strain to 

modulate lipid metabolism, thereby preventing hypercholesterolemia.  

 

5. Conclusions 

Dietary supplementation of 2 × 108 CFU/g of L. plantarum and L. reuteri 

significantly reduced diarrhoea occurrence registering and had the lowest faecal score 

in our trial. L. plantarum had the lowest diarrhoea frequency compared to the other 

bacterial strains and their combinations. Lactobacilli supplementation did not 

influence animal performance, total faecal bacteria, faecal lactobacilli and coliform. 

Dietary lactobacilli inclusion did not reveal metabolic status alteration ascribable to a 

pathological status. In particular, L. plantarum significantly raised the globulin levels, 

suggesting a possible stimulation of the immune system. In conclusion, we believe that 

L. plantarum and L. reuteri are promising functional feed additives for preventing pig 

diarrhoea. More studies are required to enrich knowledge of these bacterial strains, to 

assess their effect for longer experimental periods, and to optimise their possible 

delivery systems. 
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The optimization of gut health is crucial for supporting animal performance and farm 

profitability. Even if a clear definition of healthful gut has not been formulated yet, it 

has been recognized that a strong relationship between a “healthy” gut and animal 

performance exists. Basic functions of intestine include nutrient digestion and 

absorption, energy production, microbiome integration, barrier function and mucosal 

immune response and withstand infections and non-infectious stressors. The intestinal 

health involves not only the gut homeostasis, but also other organs which support host 

ability to resilience towards environmental and microbiological stressors (Kogut, 

2019). Nowadays, the understanding of microbiome-host interaction and the 

possibility to modulate either for positively impacting animal health and performance 

has gained pivotal role. Even if these two words are often used as synonyms, 

microbiome and microbiota have completely different meaning. Microbiota refers only 

to microorganisms that harbour a particular environment (e.g., gut) including bacteria, 

protozoa, viruses and fungi. Microbiome is meant as the entire genome of microbial 

populations including plasmids (Roto et al., 2015).  

GIT health is a complex network between all physical, physiological, and 

microbiological functions (Kiarie et al., 2013). Intestine is the largest organ considering 

the surface area with a constant interaction with the environment. Therefore, the 

barrier function is fundamental for protecting the host form toxic compounds and 

potential pathogens invasion, contemporarily providing an efficient nutrient digestion 

and absorption. Another important intestinal function is related to the immune 

response. The mucosal surface provides a platform for microbial colonisation which 

forms a barrier against pathogens and regulates the immune development and 

producing metabolites for host (Kogut, 2019). The gut microbiota evolves within the 

host and has an important impact on each component which aids the support of 

intestinal health. Microbiota participate to the digestion and fermentation of 

undigestible molecules in feed and produces SCFA, essential ammino acids and 

vitamins that can nourish the host (Roto et al., 2015). Benefits related to microbiota 

modulation can play a role for counteracting the oxidative stress and enhancing 

mucosal morphology. The use of functional feed additives to modulate the intestinal 

microbiota can be essential for supporting animal health, improving oxidative stress, 

immune status and intestinal morphology (Moita et al., 2021).  

The better understanding of how feed additives can modulate the gut microbiota 

could allow to establish nutritional strategies to decrease gastrointestinal pathologies 

incidence thus reducing antimicrobial treatments in livestock. For these reasons, after 

the encouraging results observed from in vivo trials tannin extracts, leonardite, 

tributyrin, L. plantarum and L. reuteri were evaluated for their effect on gut microbiota 

modulation. 
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Brief Introduction to the Study: 

The following paper was based on encouraging results observed from the in vivo trial 

on the supplementation of chestnut and quebracho tannins extract in piglets. This 

study represents the first paper that evaluated the intestinal microbiota after dietary 

supplementation of tannins from chestnut and quebracho. These findings importantly 

contributed to the knowledge related to microbiota modulation of feed additives. Most 

important findings indicated that quebracho and chestnut tannins enhance the alpha 

diversity and can promote the butyrate producing bacteria, thus positively 

contributing to eubiosis.   
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Abstract 

Weaning is a critical period for piglets, in which unbalanced gut microbiota and/or 

pathogen colonisation can contribute to diseases that interfere with animal 

performance. Tannins are natural compounds that could be used as functional 

ingredients to improve gut health in pig farming thanks to their antibacterial, 

antioxidant, and antidiarrhoeal properties. In this study, a mixture of quebracho and 

chestnut tannins (1.25%) was evaluated for its efficacy in reducing the negative 

weaning effects on piglet growth. Microbiota composition was assessed by Illumina 

MiSeq 16S rRNA gene sequencing of DNA extracted from stools at the end of the trial. 

Sequence analysis revealed an increase in the genera Shuttleworthia, Pseudobutyrivibrio, 

Peptococcus, Anaerostipes, and Solobacterium in the tannin-supplemented group. 

Conversely, this dietary intervention reduced the abundance of the genera 

Syntrophococcus, Atopobium, Mitsuokella, Sharpea, and Prevotella. The populations of 

butyrate-producing bacteria were modulated by tannin, and higher butyrate 

concentrations in stools were detected in the tannin-fed pigs. Co-occurrence analysis 

revealed that the operational taxonomic units (OTUs) belonging to the families 

Veillonellaceae, Lachnospiraceae, and Coriobacteriaceae occupied the central part of the 

network in both the control and the tannin-fed animals. Instead, in the tannin group, 

the OTUs belonging to the families Acidaminococcaceae, Alcaligenaceae, and 

Spirochaetaceae characterised its network, whereas Family XIII Incertae Sedis occupied 

a more central position than in the control group. Conversely, the presence of 

Desulfovibrionaceae characterised the network of the control group, and this family was 

not present in the network of the tannin group. Moreover, the prediction of metabolic 

pathways revealed that the gut microbiome of the tannin group possessed an 

enhanced potential for carbohydrate transport and metabolism, as well as a lower 

abundance of pathways related to cell wall/membrane/envelope biogenesis and 

inorganic ion transport. In conclusion, the tested tannins seem to modulate the gut 

microbiota, favouring groups of butyrate-producing bacteria. 

 

Introduction 

Tannins are natural polyphenolic compounds that are widely distributed in plants, 

mostly in the wood of several tree species. Because of their heterogeneous composition 

and chemical properties, tannins are divided into five categories, namely gallotannins, 

ellagitannins, complex tannins, phlorotannins and condensed tannins [1]. The need to 

reduce the use of antibiotics as a prophylaxis mean to treat post-weaning diarrhoea 

prompted researchers to search for alternatives. Tannins could represent a natural 

alternative to antibiotics, and their biological activities make them suitable for that 
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purpose [2]. Tannins from chestnut (Castanea vesca) are frequently used as feed 

supplements for pigs, whereas quebracho (Schinopsis lorentzii) tannins or mixtures of 

both have been evaluated in other animal species, such as poultry, sheep, rabbits, and 

cows [3–6]. Tannins from chestnut are defined as hydrolysable, while those from 

quebracho are categorised as condensed. This classification is based on their sensitivity 

to hydrolysis, the type of monomer unit or the degree of polymer condensation [7]. 

Traditionally, tannins were regarded as anti-nutritional factors in monogastric 

and ruminant farm animals responsible for reduced feed digestibility and worse 

animal performance [8,9]. Thereafter, some studies have shown that tannins can be 

used in ruminants and monogastrics, particularly in pigs, without any detrimental 

effects on animal growth. Chestnut tannins significantly improved feed efficiency and 

growth performance when supplemented in the diet of weaned piglets [10]. Galassi et 

al. [11] also reached the same conclusion using chestnut tannins as a dietary 

supplement in heavy pigs since no anti-nutritional effects were observed. However, 

animals might not find tannin-containing feed palatable due to its astringent taste. 

Thus, it is crucial to establish the correct percentage of tannins to add to the diet in 

order to avoid a reduction in feed intake. Notably, in monogastric animals, as 

compared with ruminants, the dosage can be reduced and still have positive effects. 

Apart from these application problems, tannins are recognised to have antimicrobial, 

antioxidant, and antidiarrhoeal properties [12–16]. These properties can be extremely 

useful in the weaning of piglets, which represents a critical period in the animal’s life. 

Indeed, several types of stress can be caused by the removal of piglets from their 

mother, the sudden change in their diet, and the crowding of the farm environment. 

All these factors can contribute to the development of diarrhoea and a slowdown in 

growth. In particular, diarrhoea can be due to an unbalanced gut microbiota caused 

by the introduction of solid feed [17] or the colonisation of pathogenic agents [18–20]. 

Indeed, encouraging results have been obtained using chestnut tannins to prevent 

diarrhoea in piglets infected with an Escherichia coli ETEC strain. The feed 

supplementation reduced the incidence and severity of diarrhoea with no negative 

effects on animal performance [21]. Chestnut tannins were also used as an alternative 

to zinc oxide in weaning piglets, resulting in improved animal health and a reduction 

in diarrhoea by means of multifactorial mechanisms of action [22]. In the same study, 

the authors reported increased levels of butyrate and propionate in the colon as a 

consequence of a higher amount of indigested carbohydrates reaching the distal gut. 

Concerning the effect of tannins on the gut microbiota, very few data are 

available in the literature. Classical microbiological techniques have been used to 

investigate several groups of bacteria that are considered important for animal health 

[10]. We found only one study that considered tannins extracted from grapes, showing 
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that the supplemented diet increased the abundance of Lachnospiraceae, Clostridiales, 

Lactobacillus, and Ruminococcacceae [23]. These groups of bacteria are recognised as 

major producers of short-chain fatty acids (SCFAs) in the human and animal guts. In 

particular, Lachnospiraceae and Clostridiales include the most important producers of 

butyric acid [24–26]. Butyrate plays an important role in the health of piglets during 

weaning, reducing intestinal inflammation and favouring the adaptation of the 

intestine to the change in diet [27]. Moreover, a reduction in butyrate-producing 

bacteria can promote the growth of pathogenic bacteria, such as Salmonella [28]. Thus, 

an increase in butyrate in the gut of weaning piglets could be an important factor in 

mediating the positive effects of tannins on animal health. 

In a recent study, we evaluated tannins derived from chestnut and quebracho 

trees were evaluated for their capability to affect growth performance, blood metabolic 

profile, and faecal nitrogen concentration in post-weaned piglets [29]. Not 

surprisingly, we observed a higher fecal nitrogen excretion in tannin-fed piglets 

consistently with the known tannin property to form less digestible complexes with 

dietary proteins [30]. However, the performance of treated animals was comparable 

with that of controls, despite a very high dose of tannins administered. This result, in 

addition to the lower serum urea concentration detected in tannin-fed piglets, 

suggested a putative role of the gut microbiota in improving protein digestion and 

nitrogen utilization thereby supporting overall animal health. Therefore, in the present 

study we sought to highlight microbial changes occurring in the gut of weaned piglets 

that could mitigate the adverse effects of tannins on feed utilisation. 

 

Materials and Methods 

Animals and sample collection 

The present study was undertaken as part of an investigation of the effects of tannins 

on piglet gut microbiota composition and performance. A detailed description of the 

experimental animals, study design, and dietary treatments can be found in our 

previous study [29]. The trial was conducted in agreement with the Italian regulations 

on animal experimentation and ethics (DL 26/2014) and with the European regulation 

(Dir. 2010/6). Moreover, the trial was approved by the Animal Welfare Body of the 

University of Milan (number 31/2019). Briefly, a total of 120 weaned piglets (28 ± 2 

days age; 50% female and 50% male), were allotted in randomized complete block 

design into two experimental groups: control group (CTR) and treatment group 

(TAN). There were 60 pigs per treatment with 6 replicate pens and 10 pigs per pen. 

The groups were homogeneous in terms of gender, weight and litter. After one week 

of adaptation (considered day 0, piglets were 35 days old), during which all animals 
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received the same basal diet, the experimental diets were distributed ad libitum to all 

animals for 40 days. Experimental diets (Plurimix, Fabermatica, CR, Italy) were 

formulated according to animal requirements for the post-weaning phase (Ferraroni 

Mangimi SpA, Bonemerse, Italy). The two diets were isoenergetic and isoproteic and 

differed for the inclusion of 1.25% of tannin extract (contain 75 g of tannin/100 g of dry 

matter; Ch/Qu; Silvafeed Nutri P/ENC for Swine, Silvateam, Italy) from chestnut and 

quebracho trees in the treatment group. Both diets fulfilled the National Research 

Council (2012) [31] requirements for post-weaned piglets (S1 Table). Twelve piglets (2 

piglets per pen) were randomly selected from each of the two dietary groups. During 

the entire experimental period, mortality was registered, and the incidence of diarrhea 

was calculated based on the number of piglets with clinical sign of diarrhea. Stools 

were individually collected from rectal ampulla at the end of the trial, which 

corresponded to day 40 of the dietary intervention (75-day-old piglets). Samples were 

immediately frozen in dry ice and then transferred to the laboratory for further 

analysis. 

 

Gas chromatographic analysis of faecal short-chain fatty acids 

The extraction of short-chain fatty acids (SCFAs) was carried out starting with a 

sample of 3 g resuspended in 9 ml of distilled water by stirring. The suspension was 

centrifuged at 2000 rpm for 15 min, and then 2 ml of the obtained supernatant was 

added to 1 ml of a pivalic acid solution (internal standard, 1 g L-1 in distilled water) 

and 1 ml of a 0.12Moxalic acid solution. After mixing, the suspension was centrifuged 

at 2000 rpm, and the resulting upper phase was microfiltered in vials. 

Gas chromatographic analysis was carried out in a Shimadzu 2025 gas 

chromatograph equipped with an AOC-20i auto-sampler (Shimadzu Srl, Milan, Italy), 

FID detector, using a 30 m x 0.250 mm x 0.25 μm DB-FFAP capillary column (Agilent 

Technologies, Inc. Santa Clara, CA, USA). The temperatures of the injector and 

detector were 200 and 220 ˚C, respectively. The injection (1 μl of the sample) was 

carried out in split mode. The analysis was performed at a constant flow of carrier gas 

using the following cycle of temperature. The initial temperature of 60 ˚C was held for 

5 min; the temperature was then raised to 160 ˚C at 5 ˚C min-1 and finally to 190 ˚C at 

10 ˚C min-1, and this last temperature was held for 7 min. 

Data acquisition and processing were performed using the LabSolutions Lite 

software (v5.82, Shimadzu Srl, Milan, Italy). SCFA identification was based on the 

retention time of an external standard, while pivalic acid was used as an internal 

standard. 
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Bacterial DNA extraction, V3-V4 region amplification, and sequencing 

Bacterial genomic DNA was extracted from 50 mg (wet weight) faecal samples using 

the FastDNA ™ SPIN Kit for Soil (MP Biomedicals, Switzerland) following the 

manufacturer’s instructions. Quantification of the extracted DNA was carried out by 

a Qubit HS dsDNA fluorescence assay (Life Technologies, Carlsbad, CA, USA), and 

the quality check was performed using agarose gel electrophoresis. Amplification of 

the V3-V4 regions of the bacterial 16S rRNA gene was obtained using the primers 343F 

and 802R following the already described procedures [32]. The PCR products were 

checked by agarose gel electrophoresis and quantified using the Qubit HS dsDNA 

fluorescence assay (Life Technologies, Carlsbad, CA, USA) in order to prepare a pool 

of amplicons in which the PCR products of each sample were present in equimolar 

concentrations. The pool was then purified using a DNA Clean & Concentrator ™-5 

Kit (Zymo Research, Irvine, CA, USA). Fasteris SA (Geneva, Switzerland) performed 

the sequencing of amplicons using Illumina’s MiSeq v3 platform in 2 x 300 bp mode.  

Trimmomatic version 0.32 

(http://www.usadellab.org/cms/index.php?page=trimmomatic) was used for quality 

filtering of raw reads (quality score ≥ 30) by sliding window trimming (window size: 

4 base, quality: 15) and by dropping reads below a specified length (60 bases) [33]. 

Overlapped reads were mapped against the SILVA database (Version SSUR- 

ef_NR99_115_tax_silva_DNA.fasta) using Burrows-Wheeler Alignment Tool version 

0.7.5a (http://bio-bwa.sourceforge.net/). The package SAM tools was used to merge 

alignments and compute the number of reads mapped onto each OTU [34]. The data 

of the 16S rRNA gene sequences are available at the European Nucleotide Archive 

(ENA) (https://www.ebi.ac.uk) for tannin samples (accession numbers ERS5141801-

ERS5141812) and control group samples (accession numbers ERS5141296-

ERS5141307). 

 

Statistical analysis 

Statistical analysis of the microbiota data was performed using the 

MicrobiomeAnalyst tool [35,36]. This tool allowed the calculation of alpha diversity 

based on the Chao 1, observed species, Simpson, and Shannon metrics. Significant 

differences between these indices were calculated using a t-test. Beta diversity across 

samples was calculated using the Bray–Curtis index and the PERMANOVA statistical 

methods. The EdgeR algorithm with an adjusted pvalue cut-off, false discovery rate 

(FDR), of 0.05 was used to identify significant differences in taxa abundance of faecal 

bacteria between the two dietary groups. Concerning the prediction of the functional 

profiles of the bacterial communities across the two dietary groups, the operational 

taxonomic unit (OTU) table was uploaded in the MicrobiomeAnalyst software using 

http://www.usadellab.org/cms/index.php?page=trimmomatic
http://bio-bwa.sourceforge.net/
https://www.ebi.ac.uk/
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the Marker Data Profiling option. The aim was to generate a Kyoto Encyclopedia of 

Genes and Genomes (KEGG) ontology (KO) assignment table using the Tax4Fun 

source in order to further analyse the data in the shotgun data profiling option. The 

differential relative abundance of genes across the two dietary groups was analysed 

using the EdgeR and Random Forest algorithms. Moreover, clusters of orthologous 

groups (COGs) of proteins were analysed using the same algorithms to identify the 

significant differences in COGs between the two dietary groups. Network analysis of 

faecal microbiota was performed using SparCC correlation coefficients as 

implemented in the R package SpiecEasi v1.1.0 [37] and visualised using qgraph v1.6.5 

[38]. GraphPad Prism v8 (GraphPad Software, San Diego, CA, USA) was used to 

perform t-test and Spearman’s correlation analyses on the SCFA and serum urea data. 

For each genus, we examined the effect of the relative abundance on the recorded body 

weight. We fitted linear models separately for control and tannin-fed groups using 

body weight as response variable and the relative abundance of the focal genus as 

regressor. Further, the covariance between control and tannin-fed groups was 

evaluated including the interaction between relative abundance and group (control 

and tannin-fed animals) to the model. Analyses were carried out using R v4.0.2 [39]. 

 

Results and discussion 

Microbiota composition and community diversity associated with tannin supplementation 

A total of 2,694,143 reads were obtained after the filtering procedure, with an average 

sequence number for each sample of 112,255. As shown in the principal coordinate 

analysis (PCoA) ordination plot (Fig 1A), the tannin and control groups did not cluster 

separately, although PERMANOVA analysis indicated significant differences between 

the gut microbiota of piglets (R2 = 0.24, p < 0.001). To investigate the modification of 

the gut microbiota composition due to tannin supplementation, the alpha diversity of 

bacterial communities was calculated. The Chao 1 index did not differ between the 

control group (291.89 ± 41.8) and the tannin group (318.47 ± 23.0) (p = 0.06) (data not 

shown), whereas the observed species index was significantly higher in the tannin 

group (303.58 ± 23.1 vs. 269.83 ± 43.14, p = 0.03) (Fig 1B). The Shannon and Simpson 

indices, both reflecting the species richness and evenness, were significant higher in 

the tannin-supplemented animals (4.09 ± 0.21 vs. 3.56 ± 0.46, p = 0.02; 0.96 ± 0.01 vs. 

0.93 ± 0.03, p = 0.001) (Fig 1C and 1D). In general, biologically diverse communities are 

thought to have high stability and resistance in the face of several disturbances and 

environmental changes [40]. Regarding the gut microbiota composition at the phylum 

level (Fig 2A), a significant increase in Cyanobacteria and Spirochaetae (FDR < 0.001 and 

FDR = 0.012, respectively) was detected in stools collected from the tannin-

supplemented animals, whereas Bacteroidetes and Actinobacteria (FDR = 0.002 and FDR 
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= 0.02, respectively) were reduced (Fig 3A and S2 Table). So far, no data on piglet gut 

microbiota modulation associated with tannins are available in the literature; a 

reduction in the faecal levels of Bacterioidetes was detected in chickens fed on a diet 

enriched with chestnut tannins [41]. Moreover, at the family level, several differences 

were found between the two dietary groups of animals, as shown in Fig 2B.  

 

 
Fig 1. (A) Principal coordinate analysis (PCoA) plot based on Bray–Curtis distances of the intestinal 

microbial communities of weaning piglets fed on a diet with tannin (TAN) and the control group 

receiving a basal diet (CTR). (B) Observed species index (p = 0.03), (C) Shannon index (p = 0.02), and (D) 

Simpson index (p = 0.001). The index values are graphically presented by box plots, each of which 

represents the interquartile range, whereas the line inside the box represents the median. 

 

Tannin supplementation strongly increased the relative abundance of Peptococcaceae 

and Clostridiaceae, whereas a reduction was observed in the relative abundance of 

Prevotellaceae and Eubacteriaceae. The microbiota of tannin-fed piglets had fewer 

sequences from Coriobacteriaceae, Desulfovibrionaceae, Veillonellaceae, Rikenellaceae, and 

Deferribacteraceae, whereas it was enriched in Spirochaetaceae and Peptostreptococcaceae 
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(Fig 3B and S2 Table). At the genus level, many significant differences (FDR<0.05) were 

found between the two dietary groups (Fig 2C). Therefore, only the most significant 

ones were taken into consideration, namely those showing an FDR <0.0001. In the 

tannin-supplemented animals, the  
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Fig 2. Relative abundances of phyla (A), families (B), and genera (C) observed in the tannin-

supplemented group (TAN) compared with those of the control group (CTR). Only the top taxa are 

represented in the graphs. 
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Fig 3. Relative abundance of fecal bacterial populations at phylum (A), family (B) and genus (C) 

levels in tannin-fed (TAN) and control (CTR) piglets. Only taxa with a mean relative abundance 

higher than 0.002% are shown. p value significance levels were reported as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 

0.001. 

 

genera Shuttleworthia, Pseudobutyrivibrio, Peptococcus, Anaerostipes, and Solobacterium 

were significantly increased. Conversely, the genera Syntrophococcus, Atopobium, 

Mitsuokella, Sharpea, and Prevotella were significantly decreased in samples collected 

from the tannin-supplemented group of animals (Fig 3C and S3 Table). 

Given the high number of statistically significant different taxa between the two 

dietary groups, a random forest analysis was performed to identify the bacterial 

populations that were important in differentiating the tannin-fed versus control 

animals. Random forest analysis revealed that Peptococcaceae, an unidentified member 

of the human gut metagenome, and Prevotellaceae were the most discriminant taxa at 

the family level, while Peptococcus, Solobacterium, Syntrophococcus, Pseudobutyrivibrio, 

and Prevotella had the highest importance scores at the genus level (Fig 4). Previous 

studies reported that Peptococcus was more abundant in pigs showing high 

performance, suggesting a positive correlation with body weight [42–44]. On the 
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other hand, in piglets, a higher risk of post-weaning diarrhoea has been associated 

with an increase in the intestinal levels of Prevotella concurrently with a decrease in 

non-pathogenic Escherichia coli and beneficial Firmicutes [45,46]. 

 

 
Fig 4. The most discriminant genera between the control- and tannin-sample sequences as sorted by 

Random Forest analysis using the mean decrease in accuracy. 

 

According to our results, tannins could contribute to preventing an increase in 

Prevotella in the gut. In our experimental animals, we observed transient signs of 

diarrhoea after seven days of treatment; the highest incidence was detected at 14–28 

days with slightly lower percentages in tannin-fed piglets vs controls, though such 

differences were not significant [29]. Other populations that were modulated by tannin 

included genera such as Butyrivibrio, Pseudobutyrivibrio, Oscillospira, and Oscillibacter. 

The genus Butyrivibrio has been detected only in animals showing high performance, 

suggesting that the high efficiency of this bacterial genus in degrading complex 

carbohydrates could positively impact animal feed conversion [47]. Regarding 
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Oscillibacter, this genus was correlated with a higher weight gain [47]. The genus 

Oscillospira, on the other hand, was positively associated with harder stools [48], 

whereas its decrease in human gut microbiota was correlated with an inflammatory 

status [49]. Both properties could have positive implications during the weaning 

period, so the potential impact of these bacterial populations on pig gut function and 

physiology warrants further investigation. Moreover, Solobacterium was increased in 

the tannin group, although it has been described as being associated with low feed 

intake in piglets [47]. Nevertheless, increased levels of this genus, together with other 

anaerobic bacteria, were correlated with positive effects in new-born piglets treated 

with antibiotics [50]. To measure the relationship between bacterial relative abundance 

and animal body weight for both control and tannin-fed groups, we fitted linear 

models to observed data. Mucispirillum was the only genus for which a significant 

interaction between the relative proportion and the experimental group was recorded 

(p = 0.01). The interaction effect in Butyrivibrio and Oscillospira tended to significance 

(p ~ 0.07). Notably, Mucispirillum showed significant association (R = 0.88, p = 0.00017) 

only within the tannin-fed group indicating that its reduction was related to a lower 

animal body weight. Mucispirillum is an inhabitant of the intestine of rodents and other 

animals, including pigs. It is considered an immunogenic commensal bacterium able 

to adhere to the intestinal mucus and to interact with the host immune system [51]. 

We used the Spearman’s rank correlation coefficient to measure the association 

between plasma urea, nitrogen excretion and fecal bacterial genera. Correlation 

analysis revealed positive correlations between Oscillospira (r = 0.74, p = 0.00004), 

Faecalibacterium (r = 0.64, p = 0.0008), Peptococcus (r = 0.69, p = 0.0002), Anaerostipes (r = 

0.61, p = 0.0016), Solobacterium (r = 0.53, p = 0.007) and nitrogen excretion. This 

parameter showed negative correlations with Syntrophococcus (r = -0.59, p = 0.002), 

Prevotella (r = -0.54, p = 0.007), Mitsuokella (r = -0.51, p = 0.01). The fundamental role of 

intestinal nitrogen in driving the interaction between the host and the gut microbiome 

has been already established [52]. Based on a predictive model analysis, nitrogen 

availability was reported to exert a primary control in the assembly of gut microbial 

communities by limiting microbial competition for carbon sources [52]. In addition, a 

negative correlation was found between urea and Anaerostipes (r = -0.779; p<0.0001), 

Pseudobutyrivibrio (r = -0.687; p = 0.0002), Faecalibacterium (r = -0.500; p = 0.013), 

Oscillibacter (r = -0.436; p = 0.033), Oscillospira (r = -0.522; p = 0.009), Shuttleworthia (r = -

0.484; p = 0.017) and Solobacterium (r = -0.543; p = 0.006). All these taxa increased in 

tannin-fed piglets as compared with controls. Conversely, positive correlations were 

detected between this blood parameter and genera that were less abundant in tannin-

fed animals, i.e. Atopobium (0.685; p = 0.0002), Syntrophococcus (r = 0.580; p = 0.003), 

Acidaminococcus (r = 0.471; p = 0.02), Howardella (r = 0.545; p = 0.006), Megamonas (r = 
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0.410; p = 0.046) and Megasphaera (r = 0.520; p = 0.009). Remarkably, a number of studies 

have reported that lower serum urea concentration is linked to a more efficient 

utilization of protein/nitrogen by animals [53,54]. Although correlation does not imply 

causation, the association between this marker and fecal bacterial taxa found in this 

the present study suggests a potential involvement of tannin-driven microbial 

population shifts in whole-animal nitrogen balance in piglets. 

 

Short chain fatty acids content in stools 

The determination of SCFAs in piglet stools revealed a significant increase in butyrate 

proportion in the tannin group (12.88 ± 3.11) as compared with the control group (9.93 

± 2.41, p = 0.018). In addition, a significant decrease in valerate (2.69 ± 0.62 vs. 3.51 ± 

1.09, p = 0.044) was also detected in the tannin-fed animals (Fig 5). The total 

concentration of SCFA was similar (p = 0.1413) in both groups of experimental piglets 

(CTR 0.0723 mmol/g±0.014; TAN 0.082 mmol/g±0.017). 

 

 
Fig 5. Proportion of short-chain fatty acids in control (CTR) and tannin-fed (TAN) piglets. The * 

indicates a p value ≤ 0.05. 

 

The importance of butyrate for the host’s gut health is well established, and its positive 

role in the intestinal mucosa and immune responses has been described in weaning 

piglets [27]. Results of the Spearman’s correlation analysis indicated that there was a 

significant positive association between butyrate and Pseudobutyrivibrio (r = 0.669, p = 

0.0003), Atopobium (r = -0.527, p = 0.008), and Anaerostipes (r = 0.509, p = 0.011). As 

concerns valerate, it can be produced by the degradation of lactate, as shown for some 

strains of Megasphaera elsdenii in pigs [55], but small amounts of this chain fatty acid 

can be formed by protein and amino acid degradation by other intestinal bacteria [53]. 

Based on our correlation results, fecal valerate content displayed a weak positive 

association with the levels of Megasphaera (r = 0.44, p = 0.031) and Desulfovibrio (r = 0.44 

p = 0.034). Megasphaera showed the same positive correlation in the proximal colon of 

pigs fed a trans-glycosylated starch diet [56]. Overall, valerate has been poorly 
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investigated, but it has been described as an alternative source of energy for 

colonocytes in pigs [54]. 

 

Co-occurrence networks of the intestinal microbiota of control and tannin group 

animals 

To explore the dynamics of gut bacterial interactions across diets, a bacterial 

community network analysis was performed for each group of animals (Fig 6A and 

6B). Only significant correlations (p < 0.05) are shown.  

In the network of the control group, Desulfovibrionaceae, Veillonellaceae, Lachnospiraceae, 

Prevotellaceae, Succinivibrionaceae, Erysipelotrichaceae, and Family XIII Incertae Sedis 

were positively correlated with each other. The strongest correlations were found 

between Veillonellaceae and Prevotellaceae (SparCC = 0.86), between Succinivibrionaceae 

and Desulfovibrionaceae (SparCC = 0.81), and between Succinivibrionaceae and Family 

XIII Incertae Sedis (SparCC = 0.78). Conversely, Christensenellaceae showed strong 

negative correlations with Lachnospiraceae (SparCC = −0.89) and Prevotellaceae (SparCC 

= −0.94). At the edge of the network, Family XIII Incertae Sedis was negatively 

correlated with Peptostreptococcaceae (SparCC = −0.74), Ruminococcaceae (SparCC = 

−0.96), and Campylobacteriaceae (SparCC = −0.95). In the tannin group samples, the 

families Veillonellaceae, Lachnospiraceae, and Coriobacteriaceae occupy the central part of 

the network, as for the previous group. Moreover, the Spirochaetaceae family, which 

characterised the network of the tannin group, showed strong positive correlations 

with Christensenellaceae (SparCC = 0.88) and Rikenellaceae (SparCC = 0.87). The presence 

of Acidaminococcaceae and Alcaligenaceae characterised the co-occurrence network of the 

tannin group. Veillonellaceae showed strong positive correlations with both 

Acidaminococcaceae (SparCC = 0.85) and Alcaligenaceae (SparCC = 0.80). Finally, Family 

XIII Incertae Sedis was not present in the central part of the tannin group network and 

did not display any significant correlations with other families. These findings 

confirmed that tannin supplementation influenced both the composition of the gut 

microbiota of piglets and the interactions between different bacterial groups, mainly 

hydrogen-consuming populations such as Desulfovibrio. This decrease could be due to 

a particular sensitivity of this genus to tannins and/or its derivative compounds, as 

well as to a different hydrogen balance in the gut environment. 
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Fig 6. SparCC co-occurrence network analysis at the family level of the control (A) and the tannin (B) 

group microbiota. The node size represents the relative abundance of families. Lines represent 

correlations between the nodes they connect. The green colour of an edge indicates positive correlations, 

whereas the red colour denotes negative correlations. The colour intensity and line thickness indicate 

the correlation magnitude. Only significant correlations (p < 0.05) are shown. 



  

269 
 

Functional prediction 

The COG functional category profiles were analysed to identify significant differences 

between the two groups of samples (Fig 7 and S4 Table). More specifically, a significant 

reduction in genes involved in lipopolysaccharide (LPS) biosynthesis (i.e. K00912, 

K00677, K02527, K00748, and K03272) was found in the tannin group. LPSs are 

components of the outer membrane of Gram-negative bacteria that are often 

associated with inflammation. They are able to induce inflammation by activating the 

host’s immune cells [57], although LPSs seem to play a role in facilitating the host’s 

tolerance of gut microbiota [58]. The reduction in LPS genes in our samples could be 

due to a decrease in Gram-negative bacteria numbers, such as Bacteroidetes and 

particularly Prevotella, following the supplementation of tannins. These results could 

suggest a reduction in components capable of inducing immune responses, and, 

consequently, of affecting the inflammation status in piglets fed with tannins. Further 

analysis is required in order to confirm this hypothesis. Moreover, in the tannin group 

samples, the genes encoding for enzymes associated with propanoate (i.e. K00169, 

K00170, K00172, and K01026) and butanoate (K00248, K14534, K00169, K00170, 

K04072, K00172, and K00171) metabolism were enriched. In particular, the enriched 

genes of the butanoate pathway were genes encoding for enzymes involved in 

carbohydrate fermentation. Conversely, genes involved in the butyrate conversion 

from succinate were less represented in the tannin group. For instance, one genus that 

was decreased in the tannin-supplemented group was Prevotella, a highly efficient 

fibre degrader producing succinate. Moreover, in the same group of samples, a 

reduction in genes encoding for phosphotransbutyrylase and butyrate kinase was 

detected, while genes encoding for butyryl-CoA: acetate-CoA transferase were 

enriched. Three of the genes that were enriched in the tannin samples encoded for 

common oxidoreductases in both the butanoate and the propanoate pathway. Overall, 

the outcome of the in silico analysis indicates a different balance of metabolic activities 

in the gut microbiota of animals fed on tannins, as a result of the modulation of 

bacterial populations that produce butyrate via different metabolic routes. Indeed, 

Acidaminococcus, Megasphaera, Pseudoramibacter, and Roseburia showed a statistically 

significant reduction, whereas Shuttleworthia, Anaerostipes, Faecalibacterium, 

Pseudobutyrivibrio, Butyrivibrio, Oscillibacter, and Oscillospira were increased in the 

tannin group [25,49,59,60]. Therefore, the species-specific functionalities and the intra-

species diversity can explain the modulation of butyrate metabolism. 
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Fig 7. Significant different orthologous groups of proteins between the tannin (TAN) and control 

(CTR) piglets. p value significance levels were reported as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

 

Notably, the dietary regulation of the metabolic pathways underlying butyrate 

production in tannin-fed piglets seems to result in an overall positive balance, as 

indicated by the higher production yield of butyric acid in the tannin group as 

described above. Moreover, our analysis revealed a significant increase in 

carbohydrate metabolism that has been associated with low feed efficient pigs [47,61]. 

 

Conclusion 

As far as we know, this is the first investigation of the effects of quebracho and 

chestnut tannins on the gut microbiota of weaned piglets. In this study, tannin 

supplementation caused changes in the composition of the gut microbiota and 

specifically modulated the populations of butyrate-producing bacteria. The major 

limitation of this work is that the animals involved in the trial did not show any clear 

health problems, so we could not evaluate the tannins’ potential capability to prevent 

diseases associated with weaning. The next step could therefore be testing the tannin 

mixture in artificially infected piglets. 
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Brief Introduction to the Study 

After interesting results obtained from the in vivo trial where tributyrin enhanced piglets 

growth, this study importantly contributed to the scientific knowledge of gut microbiota 

modulation after tributyrin supplementation. The dietary supplementation of 0.2% of 

tributyrin strongly modulated the gut microbiota of piglets increasing the beta diversity. This 

paper was the first study which assessed the effect of tributyrin on gut microbiota in post-

weaning piglets. Obtained findings showed that tributyrin promoted the abundance of several 

genera that are positively correlated to animal performance and increased the isobutyrate 

concentration in faeces suggesting higher protein utilization. 

5.2 Implications of Tributyrin on Gut Microbiota Shifts Related to 

Performances of Weaning Piglets 
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Abstract: Alternatives to antibiotic treatments are required owing to the ban on the 

use of these drugs as growth promoters in food animal production. Tributyrin appears 

to play a role in improving growth performance in pigs, albeit with varying degrees 

of effectiveness. So far, very little is known about its effects on gut microbiota 

composition. In this study, we investigated the gut microbiota changes of piglets 

https://doi.org/10.3390/microorganisms9030584
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receiving, at weaning, 0.2% tributyrin added to their basal diet. Microbiota 

composition was assessed through 16S-rRNA gene sequencing on stools collected 

from tributyrin and control groups. The functional profiles of microbial communities 

were predicted from amplicon abundance data. A comparison between dietary groups 

revealed that tributyrin strongly modulated gut microbiota composition in piglets, 

increasing the relative abundance of a number of bacterial genera such as Oscillospira, 

Oscillibacter, Mucispirillum and Butyrivibrio. These genera were positively correlated to 

animal average daily gain (ADG) and/or body weight (BW). Based on the function 

profile prediction, the gut microbiome of the tributyrin group possessed an enhanced 

potential for energy metabolism and a reduced potential for carbohydrate metabolism. 

In conclusion, our results indicated that tributyrin can promote changes to gut 

microbial communities, which could contribute to improving animal performance 

after weaning. 

 

Keywords: weaning; piglets; gut microbiota; tributyrin; animal performance 

 

1. Introduction 

Early weaning represents a practice that offers economic benefits for farmers, and 

for this reason, it is adopted by most intensive breeding practitioners in developed 

countries. Weaning is a period in the life of piglets characterized by several stressing 

factors that lead to reduced performance and contribute to the development of 

intestinal dysfunctions such as postweaning diarrhea. It is well known that, during 

weaning, several factors shape the gut microbiota composition [1]. Among these, 

changes of diet represent one of the most impactful conditions [2] and can be related 

to diarrhea. Other factors, such as infectious agents [3–5] and the weaning-mediated 

evolution of the gut microbiota [6–8] are also responsible for the development of these 

intestinal diseases. 

Antibiotic treatments still represent the only strategy for controlling diseases 

related to weaning, though a series of feed supplements have been proposed as 

effective alternatives to drug treatments [9–11] following the ban of food animal 

growth-promoting antibiotics by the European Union in 2003 (EC No 1831/2003) [12]. 

In this context, tributyrate glyceride, also called tributyrin, appears to be a good 

candidate for alleviating intestinal dysfunctions, modulating immune response and 

improving growth performance in piglets. Despite the large number of papers 

addressing tributyrin impact on weaning piglets, its efficacy as a growth promoter is 

sometimes controversial [13–16] probably because of different experimental 

conditions in farm trials. Indeed, the efficiency of tributyrin, as with all other growth 
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promoter candidates, may vary based on its mechanisms of action, the basal diet 

composition and the animal’s health conditions. Despite several studies concerning 

butyric acid and its derivatives, their mechanisms of action are still unclear. 

Morphological changes of the intestinal mucosa are one of the impacting factors on the 

animal’s welfare, and some studies indicated that tributyrin could alleviate these 

weaning-related symptoms. In particular, tributyrin demonstrated effectiveness in 

modifying crypt depth and villus height in different intestinal sections [13,15–18]. 

Thus, all these results suggest that tributyrin supplementation, albeit with 

varying degrees of effectiveness, plays a role in alleviating the detrimental effects on 

gastrointestinal barrier properties caused by early weaning that can lead to 

inflammatory status. Moreover, Gu et al. [19] have reported an anti-inflammatory 

action of tributyrin in piglets as a consequence of the intraperitoneal injection of 

Escherichia coli lipopolysaccharide (LPS), a model of enteropathogenic infections. 

Another proposed mechanism of tributyrin action is the reduction in reactive oxygen 

species (ROS) [20] and the protection of mitochondrial function against oxidative 

stress [17]. 

Antimicrobial activities of organic acids and their derivatives, including 

monobutyrin, have been reported in an in vitro study [21]. The antimicrobial effects of 

butyrate glycerides on Salmonella Typhimurium and Clostridium perfringens were 

studied in poultry [22]. However, there is little information regarding the effects of 

tributyrin on pigs’ intestinal microbiota, with most of the studies being concerned with 

bacteria considered as an indicator of animal health [14,16]. In our previous study [14], 

we identified significant differences in body weight (BW), average daily gain (ADG) 

and several blood parameters in piglets receiving tributyrin during the weaning 

period, as compared to the control. In that study, we specifically addressed the impact 

of tributyrin on lactobacilli and bifidobacterial, although other gut bacterial 

populations have been associated with high feed efficiency in pigs [23,24]. The aim of 

the present work was thereby to comprehensively assess the gut microbiota 

composition of pigs fed tributyrin by means of high-throughput 16S-rRNA gene 

sequencing. In the present work, the fecal samples from the aforementioned animal 

trial were exploited to gain insight into the structure and metabolic potential of gut 

microbial communities, along with the production of short-chain fatty acids (SCFAs). 

Microbiological data were correlated with physiological and performance parameters 

measured in the previously mentioned work, in order to investigate how changes to 

gut microbiota could impact both animal health and performance. 
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2. Materials and Methods 

2.1 Animals and Sample Collection 

The animals used in the present study were selected among those involved in the 

trial described by Sotira et al. [14]. For the full details concerning animal 

experimentation and ethics, basal diet composition, breeding type and experimental 

design, we refer the reader to this previous publication. The trial was approved by the 

animal welfare body of University of Milan (authorization number 31/2019) according 

to Italian regulation on animal experimentation and ethics (DL 26/2014) and to 

European regulation (Dir. 2010/63). All procedures were carried out according to 

relevant guidelines and regulations. Briefly, 120 weaned piglets (28 ± 2 days) were 

allotted in a randomized complete block design into two experimental groups: control 

(CTR) and tributyrin (TRI). Each group constituted 60 pigs (6 replicate pens with 10 

pigs per pen). The groups were homogeneous for gender, weight and litter. 

Furthermore, the two groups were raised in the same room with a free floor surface 

where temperature (27 °C) and humidity (60%) were controlled. Water and feed were 

supplied ad libitum. The area available for each animal was 0.40 m2, according to the 

Directive 2008/120/EC. After one-week of adaptation in which the animals received 

the basal diet (corresponding to the day 0 and 35 days from birth), experimental diets 

were fed ad libitum for each group for 40 days. The CTR group received the basal diet 

whereas the TRI group received the same basal diet supplemented with 0.2% of 

tributyrin (ACIFIS® Tri-B, New Feed Team srl, Lodi, Italy). The experimental diets 

were isoenergetic and isoproteic and complied with the NRC requirements [25] for 

postweaned piglets, as already reported by Sotira et al. [14] (Table S1). Two animals 

per pen were then randomly selected for each treatment group for faecal sample 

collection. At day 40, corresponding to 75 days from the birth of piglets, stool samples 

were individually collected from rectal ampulla and immediately frozen in dry ice. 

Once transferred to the laboratories, they were stored frozen at 80 _C until DNA 

extraction. 

 

2.2 DNA Extraction, 16S rRNA Gene Amplification and Sequencing 

Total bacterial DNA was extracted from 50mg (wet weight) using the FastDNA™ 

SPIN Kit for Soil (MP Biomedicals, Eschwege, Germany), following the manufacturer’s 

instructions. The genomic DNA was then quantified using the Qubit HS dsDNA 

fluorescence assay (Life Technologies, Carlsbad, CA, USA), while the quality of the 

extracted DNA was assessed using agarose gel electrophoresis. DNA amplification 

was performed using primers 343F and 802R, which allowed the amplification of the 

V3–V4 regions of the bacterial 16S rRNA gene. Amplification was carried out as 
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described above [26]. The PCR products were then analyzed using agarose gel 

electrophoresis and quantified using the Qubit HS dsDNA fluorescence assay (Life 

Technologies, Carlsbad, CA, USA). Finally, a pool of amplicons was prepared by 

adding the PCR products of each sample in an equimolar concentration and then 

purified using a DNA Clean & Concentrator™-5 Kit (Zymo Research, Irvine, CA, 

USA). 

Sequencing was performed at Fasteris SA (Geneva, Switzerland) using Illumina’s 

MiSeq v3 platform with 2 × 300 bp mode. Raw reads were filtered for low quality 

(quality score ≥ 30) by Trimmomatic tool version 0.32 

(http://www.usadellab.org/cms/index.php?page=trimmomatic, accessed on 26 

August 2020) [27] by sliding window trimming (window size: 4 bases, quality: 15). 

Reads showing a length shorter than 60 bases were excluded. Overlapped reads were 

mapped against the SILVA database (Version 

SSURef_NR99_115_tax_silva_DNA.fasta) using Burrows–Wheeler Alignment Tool 

version 0.7.5a (http://bio-bwa.sourceforge.net/, accessed on 28 August 2020) [28]. The 

SSU dataset was composed of high-quality 16S/18S rRNA sequences (99% criterion) 

applied to remove redundant sequences. In order to merge alignments and to compute 

the number of reads onto each OTU, the SAM tools package was used [28]. Sequence 

files were deposited in the European Nucleotide Archive (ENA) database under the 

accession number PRJEB40653. 

 

2.3. Gas-Chromatographic Analysis of Short-Chain Fatty Acids 

Short-chain fatty acids (SCFAs) were extracted from a 3 g sample dissolved in 9 

mL of distillate water by stirring for a few minutes. Following centrifugation at 480_ g 

for 15 min, 2 mL of supernatant was added to 1 mL of a pivalic acid solution (internal 

standard, 1 g L-1 in distilled water) and 1 mL of a 0.12 M oxalic acid solution. This 

suspension was mixed using a vortex and then centrifuged at 480_ g. The upper phase 

was microfiltered. 

The gas-chromatographic analysis was carried out using a Shimadzu 2025 gas 

chromatograph equipped with an AOC-20i autosampler (Shimadzu Srl, Milan, Italy), 

an FID detector and a 30 m _ 0.250 mm, 0.25 _m DB-FFAP capillary column (Agilent 

Technologies, Inc. Santa Clara, CA, USA). The injector and detector temperatures were 

200 and 220 °C, respectively. The injection was carried out in split mode (1:100), and a 

volume of 1 µL was injected. The analysis was carried out at a constant flow of 

hydrogen gas using a programmed temperature: the initial temperature was 60 _C and 

held for 5 min. The temperature was then raised to 160 °C at 5 °C min-1 and finally to 

190 °C at 10 °C min-1 and held for 7 min. 

 

http://www.usadellab.org/cms/index.php?page=trimmomatic
http://bio-bwa.sourceforge.net/
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3. Results 

3.1. Microbiota Composition and Community Diversity Associated with Tributyrin 

Supplementation 

The total number of filtered sequences obtained in the samples collected from 

tributyrin and control animal groups was 2,405,009. The median sequencing coverage 

was 100,209 sequences per sample with minimal and maximal coverages of 65,975 and 

171,531 reads, respectively. Based on principal coordinates analysis (PCoA), we 

observed significant diet-specific differences in gut bacterial communities (Figure 1), 

with the supplementation of tributyrin accounting for about 20% of the total variance 

(Permanova analysis, R2 = 0.19, p < 0.01). Tributyrin supplementation had no 

significant influence on fecal bacterial alpha diversity calculated by Chao 1 (p = 0.195), 

observed OTUs (p = 0.102), Simpson (p = 0.737) and Shannon (p = 0.144) indices. These 

results indicated that no significant differences were observed in term of species 

diversity and richness among dietary groups. At the phylum level, the fecal microbiota 

collected from the control group was dominated by Firmicutes (77.97%) followed by 

Actinobacteria (13%) and Bacteroidetes (6.52%), whereas animals receiving tributyrin 

supplementation showed a microbiota dominated by Firmicutes (73%) followed by 

Bacteroidetes (15%) and Actinobacteria (1%) (Figure 2A). In this group, the relative 

abundance of Firmicutes and Actinobacteria decreased significantly in fecal samples 

(FRD = 0.002 and FDR = 0.0235, respectively), while a significant increase was detected 

in the levels of Proteobacteria (FDR = 0.0150). Additionally, the relative abundance of 

Cyanobacteria, Deferribacteres and Spirochaetae (Supplementary Table S2) increased in 

tributyrin-fed piglets. 
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Figure 1. Principal coordinates analysis (PCoA, Bray-Curtis distance) plot of the gut microbiota of 

weaning piglets fed a diet with (TRI) or without tributyrin supplementation (CTR) (R2 = 0.19, p < 

0.01). 

 

At the family level, Desulfovibrionaceae, Mycoplasmataceae, Alcaligenaceae, 

Campylobacteriaceae, VadinBB60 and Deferribacteraceae proved to be significantly 

enriched in samples collected from the tributyrin group. In addition, the tributyrin 

supplementation caused significant reductions in the relative abundances of 

Coriobacteriaceae, Peptococcaceae, Peptostreptococcaceae, Erysipelotrichaceae, 

Lachnospiraceae and Family XIII Incertae Sedis (Figure 2B and Supplementary Table S2). 

Moreover, at the genus level, significant increases in Oscillospira, Desulfovibrio, 

Pseudoflavonifractor, Butyrivibrio, Sutterella, Oscillibacter, Mycoplasma, Campylobacter, 

Anaerotruncus, Mucispirillum and the RC9 gut group genera was found in the tributyrin 

group samples. In addition, Mogibacterium, Collinsella, Peptococcus, Atopobium, 

Subdoligranulum, an uncultured bacterium, Syntrophococcus, Marvinbryantia, Blautia, 

Enterorhabdus, Oribacterium and Denitrobacterium genera levels were significant 

reduced following tributyrin supplementation (Figure 2C and Supplementary Table 

S3). 

Moreover, Random Forest analysis revealed that at the family level, 

Coriobacteriaceae and Family XIII Incertae Sedis were the most important features in 

discriminating between the two groups of animals. Among the members of the 

aforementioned families, the genera Mogibacterium, Collinsella, Peptococcus and 
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Atopobium were the most important discriminant genera, since their representative 

points are on the right and at the top of the graph, indicating their higher predictive 

values (Figure 3). 

 
Figure 2. Cont. 
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Figure 2. Relative abundances of the different phyla (A), families (B) and general (C) observed in 

tributyrin animal group (TRI) compared with those of the control group (CTR). Only top taxa are shown. 
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Figure 3. The 15 most discriminant genera between control and tributyrin sample sequences as 

determined by Random Forest analysis using mean decrease in accuracy. 

 

3.2. Functional Prediction 

The operational taxonomic unit (OTU) table obtained through sequence analysis 

was uploaded to the MicrobiomeAnalyst software using the Marker Data Profiling 

option. The Kegg Onthology assignment table was generated using Tax4Fun and was 

then used for further analysis via the Shotgun data profiling option provided by the 

same software. Random Forest analysis revealed that the most discriminant COG 

functional categories between the two groups of samples were carbohydrate and 

nucleotide metabolisms, more prominently represented in the control group, whereas 

energy and amino acid metabolisms were enriched in the tributyrin group (Figure 4). 

Based on EdgeR analysis, only the energy metabolism pathways were found to be 

significantly increased (FDR = 0.007) in the tributyrin group, combined with a 

significant reduction in carbohydrate metabolism (FDR = 0.007). In particular, in the 

control group, we found enriched genes encoding sugar transport, mainly components 

of phosphotransferase systems (K02768, K02769, K02793, K02795 and K02796). 

Conversely, in the tributyrin samples, genes encoding amino acid utilization as an 

energy source (K00830, K00830 and K02204) were enriched, compared to the control 
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group. Other genes were identified as being more prominently represented in the 

samples of the tributyrin group, some of which were related to gluconeogenesis 

(K03841 and K16153) and others to the glyoxylate cycle (K00122, K01638, K00283 and 

K00605). 

 
Figure 4. The most discriminant Cluster of Orthologous Groups (COG) functional categories between 

control and tributyrin samples determined by Random Forest analysis using mean decrease in accuracy. 

 

3.3. SCFA Concentration in Stools 

The SCFA concentration in the stools of both dietary groups of animals was 

recorded. The most abundant SCFAs were acetate, propionate and butyrate, which did 

not reveal significant differences between the two animal groups, along with 

isovalerate and valerate. However, the tributyrin group of piglets revealed a 1.31-fold 

increase in their fecal concentration of isobutyrate, and this difference between the two 

groups of animals was statistically significant (p = 0.0269) (Table 1). 

 
Table 1. Mean values of short-chain fatty acid (SCFA) concentrations of tributyrin (TRI) and control 

(CTR) piglet samples. Data are presented as mmol% ± SD.  
Acetate Propionate Isobutyrate Butyrate Isovalerate Valerate 

CTR (N= 12)  58.63±6.15 23.93±4.45 1.74±0.91 9.93±2.41 2.25±1.37 3.51±1.09 

TRI (N= 12)  57.22±3.35 22.72±2.64 2.29±0.82 10.84±1.68 3.00±1.24 3.93±0.95 

p-value  0.8852 0.2983 0.0269 0.4357 0.1410 0.5067 

 

3.4. Correlation between Microbiota and Piglet Physiological/Performance Parameters 

Spearman’s correlations were calculated between the physiological and 

performance data evaluated in our previous work and significant genera were found 

via statistical analysis. The correlation results are graphically presented in Figure 5, 

while the detailed data are presented in Supplementary Table S4. 
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Figure 5. The Spearman correlation heatmap graphically represents the correlation between Average 

Daily Gain (ADG), Body Weight (BW), isobutyrate, urea, total cholesterol, High-Density Lipoproteins 

(HDLs), Low-Density Lipoproteins (LDLs) and significant different genera between the two dietary 

groups. The colors display the r-value. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 and **** p ≤ 0.0001. p value 

significances were graphically reported only for correlation between the aforementioned parameters 

and bacterial genus. 

 

Positive correlations were found between Butyrivibrio (r = 0.45, p = 0.03), 

Desulfovibrio (r = 0.59, p = 0.002), Oscillibacter (r = 0.53, p = 0.007), Sutterella (r = 0.54, p = 

0.007) and ADG. Conversely, Atopobium (r = −0.56, p = 0.005), Collinsella (r = −0.81, p = 

0.000002), Enterorhabdus (r = −0.44, p = 0.03), Marvinbryantia (r = −0.53, p = 0.007), 

Mitsuokella (r = −0.49, p = 0.015), Mogibacterium (r = −0.68, p = 0.0003), Peptococcus (r = 

−0.65, p = 0.0006) and Syntrophococcus (r = −0.47, p = 0.019) revealed negative correlations 

within the aforementioned animal parameters. Moreover, Oscillibacter (r = 0.44, p = 

0.03) and Oscillospira (r = 0.55, p = 0.0056) were also positively correlated with animal 

BW. Interestingly, a positive correlation was found between isobutyrate and both 

Oscillibacter (r = 0.57; p = 0.003607) and Oscillospira (r = 0.60, p = 0.0017), whereas 

Atopobium (r = −0.45; p = 0.026), Collinsella (r = −0.37; p = 0.07), Mitsuokella (r = −0.71; p 

= 0.00009) and Syntrophococcus (r = −0.42; p = 0.043) were negatively correlated. 



  

289 
 

Atopobium (r = 0.48; p = 0.017), Blautia (r = 0.53; p = 0.007), Collinsella (r = 0.42; p = 0.043), 

Marvinbryantia (r = 0.60; p = 0.0020), Mogibacterium (r = 0.62; p = 0.0013), and Peptococcus 

(r = 0.67; p = 0.0003) were positively correlated with urea concentration values. 

Conversely, negative correlations were found between urea and Butyrivibrio (r = −0.43; 

p = 0.037) and Desulfovibrio (r = −0.44; p = 0.032). 

 

4. Discussion 

The primary aim of this work was to investigate the effects of tributyrin on the gut 

microbiota of weaned piglets. Secondly, we focused our attention on how the 

composition of these communities could be associated with animal performances. 

Using 16S rRNA gene sequencing, we detected a number of compositional changes of 

fecal bacterial populations indicating that tributyrin substantially altered the gut 

microbial community of piglets. Actinobacteria was the most significantly decreased 

phylum in tributyrin-fed animals, driven by a significant reduction in the family 

Coriobacteriaceae and the genera Collinsella and Atopobium. In addition, Random Forest 

analysis revealed that the most discriminant genera between the two dietary groups 

of animals were Mogibacterium, Collinsella, Peptococcus, and Atopobium. All these genera 

decreased in the tributyrin group compared with controls. Little information 

regarding these genera is available. Collinsella is known to establish persistent 

colonization of intestinal mucosa via utilization of mucins in both pigs and humans 

[31–33]; its close association with the mucus layer suggests a direct interaction between 

these microorganisms and the host’s intestinal tissues. A decrease in the relative 

abundance of Collinsella has been previously described in several studies [34–36] as 

being associated to reduced gut permeability and hence to an improved functionality 

of the intestinal barrier. Mogibacterium, a genus belonging to the Clostridium Family XIII 

Incertae Sedis, has been shown to increase in mucosa-associated microbiota of colon 

cancer patients [37] but to decrease, together with Collinsella, in the feces of neonatal 

pigs administered with a beneficial prebiotic preparation [38]. Burrough et al. [39] 

reported a high relative abundance of Mogibacterium in both mucosal scrapings and 

luminal samples from pigs with swine dysentery. Mogibacterium spp. produce phenyl 

acetate as their unique final metabolic product [40] and they have been associated with 

ammonia assimilation in the rumen of cows [41]. Tributyrin supplementation also 

resulted in lower numbers of Peptococcus; this taxon has been often detected in the gut 

of pigs and its levels have been reported to be negatively associated with feed 

conversion ratio [42] but positively correlated with preweaned weight gain [43]. Based 

on our correlation results, Collinsella displayed a strong negative correlation with both 

ADG and BW, suggesting a potential relationship between this population and pig 

performance. Our results are in line with those of Kubasova et al. [44], who showed 
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that the microbiota of high-residual feed intake pigs were enriched in Collinsella 

compared with animals that were more efficient. Mogibacterium, Peptococcus and 

Atopobium correlated negatively to ADG parameter as well. A positive correlation 

between Mogibacterium and blood urea concentration was also found; from such a 

result, we can only speculate that the decrease in this genus in tributyrin-fed animals 

is somewhat linked to the decrease in plasma urea previously described. The higher 

abundance of Proteobacteria observed in the stool of tributyrin-fed piglets was driven 

by a significant increase in the Desulfovibrio genus. Indeed, this could be related to an 

increased hydrogen production in the lumen, as the growth of members of this genus 

is highly dependent on this gas. Since Desulfovibrio species are hydrogen consumers, 

they play a key role in removing this fermentation inhibitor from the intestinal lumen 

[45]. This important role in the progression of fermentation could explain the positive 

correlation of Desulfovibrio with the ADG parameter we identified. In addition to the 

above-described populations, other bacterial taxa resulted differentially present in the 

gut microbiota of tributyrin-fed piglets [46]. Most of the genera that are significantly 

increased in the tributyrin group have been described in previous works as enriched 

in high-feed efficiency pigs. In particular, McCormack et al. [23] reported that, in 

weaning piglets, the Butyrivibrio genus was present only in animals showing high 

performances, which could be due to the enhanced ability of their gut microbiota to 

ferment complex carbohydrates. In the same study, the Oscillibacter genus was 

associated with improved weight gain [47]. Both Butyrivibrio and Oscillibacter were the 

genera that increased mostly significant in the tributyrin group, along with 

Mucispirillum. Likewise, the latter genus showed higher relative abundance in low 

residual feed intake (RFI) animals [24] and was found to be present uniquely during 

the postweaning phase. Mucispirillum is an oppor tunistic mucin utilizer that has been 

identified as part of an immunogenic commensal group in humans. This genus 

adheres to the intestinal mucus and interacts with the host immune system; through a 

T-dependent IgA response, they never become dominant [48]. This information is 

reassuring with regard to the role of Mucispirillum, since it has sometimes been 

assumed to be harmful to the integrity of the mucus layer [49]. Our results seem to 

confirm these positive roles played by Butyrivibrio and Mucispirillum in animal 

performances, as indicated by their positive correlations with ADG values. Moreover, 

Oscillibacter positively correlated with BW. As for Oscillospira, species belonging to this 

genus are capable of using alternative energy sources such as mucins and glucoronate 

[50]; the reduced number of sugar transporter genes in their genomes has been 

correlated to their inability to use plant glycans. In humans, Oscillospira was positively 

correlated with harder stools [51], and the abundant reduction in this genus was 

associated with inflammatory status [52]. If confirmed in swine, both of these 
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properties could be useful during the weaning period to counteract some of the 

negative effects of solid-diet introduction, such as diarrhea and inflammation. Based 

on our analysis, Oscillospira was positively correlated with both ADG and BW. Other 

significant differences were detected in the tributyrin group for another genus, 

Sutterella, which could potentially affect gut metabolism. Indeed, Argüello et al. [53] 

have hypothesized the interfering with the gut colonization of pathogenic 

Proteobacteria by competition or by stimulation of the immune system. While the role 

of Sutterella is still unclear, the genus has been positively associated with average daily 

feed intake (ADF) [54]. Our results also confirm a positive correlation of this genus 

with ADG and ADF, though we did not detect significant differences in feed intake 

between the two animal groups. Changes in fecal SCFA concentrations can reflect the 

different balance between groups of bacteria present in the gut microbiota. However, 

the SCFA concentration in stools must be considered as an approximation of gut 

microbiota metabolism products since, immediately after their production, enteric 

cells remove them from the intestinal lumen [55]. In spite of the changes detected in 

gut microbiota composition due to tributyrin, the determination of SCFA did not 

reveal significant differences between the two groups of animals, with the exception 

of a significant increase in isobutyrate. The higher amount of isobutyrate in the 

tributyrin group could indicate that the supplementation improved diet protein 

catabolism since this branched short-chain fatty acid is the result of valine degradation 

[56]. The increase in isobutyrate has been proposed as a parameter of diet protein 

utilization that characterizes the microbiota of high-feed efficiency pigs [23]. Little is 

known about the physiological impact of this branched short-chain fatty acid, even 

though isobutyrate has been shown to be involved in glucose and lipid metabolisms 

[57]. Interestingly, in our study Oscillospira and Oscillibacter showed a weak though 

significant positive correlation with fecal levels of isobutyrate. 

Finally, in order to investigate changes in the functional capacity of gut 

microbiota as a result of dietary intervention, a functional metagenomics prediction 

approach was adopted. The analysis of the pathways of both animal groups using the 

KEGG reference pathways allowed us to highlight the reduction in carbohydrate 

metabolisms in the tributyrin group and, in particular, genes involved in sugar 

transport such as PTS transport systems. Conversely, in the same group of animals, 

genes involved in energy metabolism were enriched. The reduction in carbohydrate 

metabolism and, in particular, the sugar transport systems, seemed to be compensated 

by other metabolic pathways, such as those of amino acid catabolism, gluconeogenesis 

and the glyoxylate cycle. Commonly, bacteria use amino acid as an energy source after 

their deamination or decarboxylation. On the other hand, the increase in isobutyrate 

production could be ascribed to an increase in amino acid catabolic pathways. 
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Concerning the enrichment of genes involved in both gluconeogenesis and glyoxylate, 

it has been suggested that both pathways are used as a response to limited sources of 

fermentable carbohydrates. The glyoxylate shunt has been investigated in E. coli, 

Salmonella and other pathogens [58], though it is widespread among bacteria. The 

entire glyoxylate pathway of Butyrivibrio proteoclasticus is available in the KEGG 

database. Though we found no additional details, we can speculate that other species 

belonging to the genus Butyrivibrio can harbor genes encoding for this pathway as well 

as other intestinal bacteria. Accordingly, it is very difficult to hypothesize a putative 

implication of these pathways for the host’s health and performances. However, it is 

important to underline that these prediction analyses are based on genome sequencing 

data and, therefore, do not provide information concerning gene expression and its 

regulation. Conversely, tributyrin selected groups of bacteria that harbor genes coding 

for glyoxylate shunt enzymes. Further analysis is required, and a metabolomics 

approach could help in evaluating both the reduction in carbohydrate metabolisms 

and the increase in gluconeogenesis and glyoxylate pathways following tributyrin 

supplementation. As far as we are aware, this is the first investigation focused on the 

effects of tributyrin supplementation on the gut microbiota of weaned piglets and 

demonstrating a relevant impact of this treatment on the composition and metabolic 

potential of fecal microbial communities. Thus, the beneficial effects of tributyrin may 

not be limited to supplementation of an extra source of energy to the enterocytes, 

which positively affects the integrity of the intestinal mucosa. Indeed, our results 

indicate that gut microbiota, in association with host-derived/related factors, may also 

play a role in exerting a positive impact on animal performances. The major limitation 

of this study is that the tested animals did not exhibit diarrhea episodes or health 

problems, yet our intent was to work in breeding conditions, without any challenge 

with pathogenic microorganisms. Nevertheless, the findings of the present study 

warrant further investigation to also elucidate the effects of tributyrin in artificial 

infection experiments mimicking swine enteric diseases. 
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In the frame of this project, an alternative model for the assessment of nutrient 

bioaccessibility was developed. The aim was to collect reliable data before in vivo 

testing of ingredients, additives and functional compounds for reducing and replacing 

animals for experimental purpose. Considering this, an oral presentation was given at 

the 72nd Annual Meeting of the European Federation of Animal Science held in Davos 

(Switzerland). 

 

 
 

6.1 Ex vivo intestinal model for the evaluation of nutrient 

bioaccessibility 

 

Matteo Dell’Anno1, Fabio Acocella1, Pietro Riccaboni2, Luciana Rossi1 

 
1Department of Veterinary Science for Health, Animal Science and Food Safety “Carlo Cantoni” 

(VESPA), Università dagli Studi di Milano 

2Department of Veterinary Medicine (DIMEVET), Università degli Studi di Milano 

 

Nowadays, the nutrition plays a pivotal role for both human and animal health, and 

increasingly requires science-based evidences to develop effective functional diets. In 

order to reduce the use of animals for experimental purposes innovative reliable and 

informative models, simulating the complex intestinal physiology, represent an 

expanding research field. In this scenario, the aim of this study was to develop and 

evaluate an intestinal swine ex vivo model for the evaluation of nutrient bioaccessibility 

and its functionality among time. A pig intestine was harvested, following Maastricht 

criteria, from a 100 kg pig at the slaughterhouse. The isolated duodenum tract was 

reperfused in normothermic conditions with heterologous blood after cold ischemic 

storage. Ex vivo duodenum perfusion model was maintained in controlled pressure 

conditions (flux pump 1.48 L/min, O2 2 L/min, artery pressure 76/55 mmHg) through 

extracorporeal circulation for 4 hours. During this period, blood and luminal content 

samples were collected at regular intervals for the evaluation of the concentrations of 

glucose by glucometer, minerals (Na, Ca, Mg, K, P) by ICP-AES, lactate-

dehydrogenase (LDH) and derivates of reactive oxygen metabolites (D-ROMs) by 

colorimetric methods. Histological examination was carried on three intestinal 
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segments. The macroscopic observation showed peristaltic activity caused by intrinsic 

nerves. Measured glucose levels suggested its utilization at cellular level confirming 

the organ viability in line with histological examination. At the end of the experimental 

period, intestinal mineral concentrations resulted lower than their level in blood 

plasma highlighting their bioaccessibility (p < 0.001). A progressive increase of D-

ROMs and LDH concentration among time, in luminal content, was observed related 

to a slight oxidative stress (p < 0.05). Isolated ex vivo duodenum perfusion developed 

model fulfils all the prerequisites to study bioaccessibility of nutrients, offering a 

variety of experimental possibilities in line with 3Rs principles. 
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Brief Introduction to the Study: 

The following manuscript is one of the most interesting innovations regarding the ex 

vivo evaluation of nutrient bioaccessibility. The model proposes a pioneering perfused 

duodenum tract model for nutritional studies of nutrients kinetics and absorption. The 

importance of the study relies on the fact that no animals for experimental purposes 

are needed in the following model, and the high potential for providing strong science-

based data prior to in vivo testing without the needing of animals. Limitations rely on 

the absence of hormonal regulation, the lack of a gold standard and the complex 

surgery technique that requires an important ability and expertise. To date, the model 

is still expensive and a large scale-up is required in order to provide enough replicates 

for supporting robust statistical findings. However, the model potentiality is 

enormous in line with 3R principles on animal experimentation and for the 

translational applications to human field regarding organ transplantation. 

 

6.2 Swine intestinal segment perfusion model for the evaluation of 

nutrients bioaccessibility 

Matteo Dell’Anno1, Fabio Acocella1, Pietro Riccaboni1, Elisabetta Bongiorno1, 

Luciana Rossi1* 

1Department of Veterinary Medicine and Animal Sciences - DIVAS, Università degli Studi di Milano, 

Lodi, 26900, Italy 

 

* Correspondence: luciana.rossi@unimi.it 

 

Abstract 

The nutrition science requires more science-based evidences for the development of 

effective functional diets. To reduce animals for experimental purposes innovative 

reliable and informative models, simulating the complex intestinal physiology, are 

needed. The aim of this study was to develop a swine duodenum segment perfusion 

model for the evaluation of nutrient bioaccessibility and functionality among time. At 

slaughterhouse, one sow intestine was harvested from 100 kg following Maastricht 

criteria for cardiac death organ donation (CDC) for transplantation purposes. 

Duodenum tract was isolated and perfused in sub-normothermic conditions with 

heterologous blood after cold ischemia induction. Duodenum segment perfusion 

model was maintained under controlled pressure conditions through extracorporeal 

circulation for 3 hours. Blood samples from extracorporeal circulation and luminal 

content samples were collected at regular intervals for the evaluation of glucose 



  

301 
 

concentration by glucometer, minerals (Na+, Ca2+, Mg2+, K+) by ICP-OES, lactate-

dehydrogenase and nitrite oxide by spectrophotometric methods. The macroscopic 

observation showed peristaltic activity caused by intrinsic nerves. Glycemia decreased 

over time (from 44.00±1.20 mg/dL to 27.50±0.41; p < 0.01), suggesting glucose 

utilization by the tissue confirming the organ viability in line with histological 

examinations. At the end of the experimental period, intestinal mineral concentrations 

resulted lower than their level in blood plasma suggesting their bioaccessibility (p < 

0.001). A progressive increase of LDH concentration over time was observed in the 

luminal content probably related to a loss of viability (from 0.32±0.02 to 1.36±0.02 OD; 

p < 0.05) confirmed by histological findings that revealed a de-epithelization of the 

distal portion of duodenum. Isolated swine duodenum perfusion model satisfied the 

criteria for studying bioaccessibility of nutrients, offering a variety of experimental 

possibilities in line with 3Rs principle. 

 

Keywords: duodenum, intestinal segment, nutrient bioaccessibility, absorption, 

swine, alternative models, swine gut, absorption.  

 

1. Introduction 

Nowadays, the nutrition plays a pivotal role for both human and animal health, 

related not only to simply to satisfy nutritional requirements, it also plays a key role 

in the health and welfare also through its functionality (Ross et al., 2012; Domínguez 

Díaz et al., 2020; Novik and Savich, 2020; Hull, 2021). The literature offers an 

heterogenous panorama of nutritional studies, and several studies are contradictory 

on the argument. The prediction of the nutritional quality of food and feed products 

requires more knowledge related to the individual digestibility of dietary compounds 

(Devle et al., 2014).  

Currently, the request to reduce animals for experimental purposes is continuously 

growing. European policies on animal experimentation are intensely aiming to 

increase the protection of experimental animals, thus various alternative methods 

have being developed to achieve this purpose (Jin et al., 2020). Even the most advanced 

in vitro and in silico systems cannot fully simulate complex phenomena such as 

inflammation, digestion, pathologies, and metabolism. However, the introduction of 

innovative non-animal models is fundamental as complementary to animal 

experimentation (Griffiths et al., 2020). Thus, reliable science-based models are 

required in order to reduce and replace animals for experimental purposes. The 

gastrointestinal physiology is a complex field that involves different tissues and 
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systems (epithelium, muscles, nerves, connective, hormones and glandule), and the 

use of animals for studying nutrient digestion is still considered essential.  

Though remarkable results achieved with in vitro models, the organ architecture, the 

epithelium integrity and the nutrient absorption are not, at present, efficiently 

simulated. 3D organoids developed for simulating the gastrointestinal physiology 

cannot mimic the complete environment due to the fact that microbiota belongs to the 

host as a natural flora. The ex vivo digestion models are supposed to mimic the in vivo 

processes better than the in vitro technology, thanks to a manufacturing process of 

digestive fluids, and the presence of the complete array of proteases and substances 

that in vivo concur to the digestive process (Lueangsakulthai et al., 2020). Several ex 

vivo studies have been conducted on pigs due to the similar characteristics of swine 

species in terms of similar morphology, structure, composition and enzymatic activity 

to humans and the low cost of this technology.  

Organ explant efficiently simulate the entire animal complexity, offering the 

possibility to perform ex vivo experiments under standardized conditions and harvest 

several tissues from a single animal in line with the 3R principle (replace, reduce, 

refine). In addition, the possibility to perform more tests involving the same donor, 

improves the robustness of the ex vivo models (Baydoun et al., 2020). It has been 

demonstrated that the mucosal epithelium is extremely susceptible to ischemia (Salehi 

et al., 2003). The perfusion of ex vivo tissue allow to the conservation of organ viability 

and structure for a longer period compared to classic ex vivo models (Stangl et al., 

2000). Recent studies, showed encouraging results of swine intestinal perfused model 

suggesting it as a cost-effective, practical and reliable strategy for the study of 

intestinal physiology, pharmacology and transplantation (Hamed et al., 2021). In this 

scenario, the aim of this study was to develop and assess a swine intestinal segment 

perfusion model for the evaluation of nutrient bioaccessibility and organ functionality 

among time for further applications to study the effect of feed ingredients and 

additives on nutrients bioavailability. 

 

2. Materials and Methods 

2.1 Organ harvesting and extracorporeal circulation 

One gastrointestinal tract was harvested at the slaughterhouse from a 100kg Large 

White sow, following the Maastricht criteria for cardiac death organ donation (CDC) 

for transplantation  purposes (Thuong et al., 2016). Heterologous blood was collected 

at the slaughterhouse and 25 IU of heparin and 1 g of Cefazolin were added to avoid 

coagulation and bacterial contaminations. The blood was stored at 4 °C until organ 

perfusion. During  the period of the “warm ischemia”, that lasted from the animal 
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exsanguination until the duodenum isolation,  the mesenteric artery was cannulated 

(Lauronen et al., 2001). The “cold ischemia” started with arterial infusion of 2 L of 

Belzer UW Cold Storage solution (S.A.L.F. Spa, Bergamo, Italy) (Guibert et al., 2011) 

within 9 minutes for organ structure preservation. The descendant part of duodenum 

was isolated, and an intraluminal access was set-up by fixing a luer-lock connector on 

the pylorus side. The intestinal segment was intraluminal perfused with 360 mL of 

sterile Krebs-Ringer buffer (NaCl 115 mmol/L, K2HPO4 2.4 mmol/L, KH2PO4 0.4 mmol/L, 

CaCl2 1.2 mmol/L, MgCl2 1.2 mmol/L, NaHCO3- 25 mmol/L, glucose 10 mmol/L) according 

to Biolley et al. (2019) for favoriting the epithelial structure conservation.  The organ 

was transported to the laboratory submerged in a Ringer’s lactate solution at 4°C. 

Duodenum tract was maintained in controlled pressure conditions (flux pump 1.48 

L/min, O2 2 L/min, artery pressure 76/55 mmHg) through extracorporeal circulation 

with heterologous blood at sub-normothermic perfusion condition for 3 hours starting 

by the addition of warm blood at 37 °C. The circuit was composed by a peristaltic 

pump (as a beating heart), venous reservoir and blood oxygenator (as lungs) 

(Alexandre and Fabiani, 2010). Organ temperature was monitored using a 

thermometer for the entire experimental period.  

 

2.2. Sample collection and analyses 

During the first hour of extracorporeal circulation blood samples were collected from 

the line at 7 minutes interval (T0, T1, T2, T3, T4, T5, T6, T7, T8). Throughout the second 

hour, hematic samples were collected each 15 minutes (T9, T10, T11, T12) and at the 

third hour the collection was performed at 30 minutes intervals (T13, T14). Plasma was 

obtained by centrifugation at 3000 rpm for 15 min at 4 °C. In addition, the intestinal 

content was collected from T0 to T14 every 30 minutes from the luer-lock connector. 

All biological samples were evaluated for mineral and metabolites concentrations. 

Glucose concentration was evaluated immediately after blood and intestinal lumen 

solution sampling from extracorporeal circulation line and the luer-lock connector 

using a glucometer (U-Right 4278, Biochemical Systems International S.p.A, Arezzo, 

Italy). The content of main macro-elements (Na+, K+, Mg2+, Ca2+) was assessed using 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Optima 3300 

XL, Perkin Elmer Inc., USA). First, calibration curves for each element considered were 

obtained using certified reference materials. Blood and intestinal content samples were 

then diluted 1:100 (v/v) with sterile MilliQ water, filtered with 0.45 um syringe filters 

and injected. The pH of intestinal lumen content was evaluated with pHmeter. Lactate 

dehydrogenase (LDH) and nitrite ion (NO2-) concentrations were evaluated through 

colorimetric kits (CytoTox 96® Non-Radioactive Cytotoxicity Assay and Griess 

Reagent System, Promega Italia S.r.l, Milan, Italy) following the manufacturer 
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instructions. In particular, absorbances were red at 490 nm for LDH and 540 nm for 

NO2- using a spectrophotometer (Model 680 Microplate Reader; Bio-Rad Laboratories, 

Inc., Hercules, CA, USA).  

  

2.3. Histological evaluation 

After 3 hours of continuous perfusion, the intestinal segment was subdivided in three 

portions (proximal A, medial B, and distal C; Figure 1) and tissue samples were fixed 

in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 µm, and 

stained with hematoxylin and eosin (H&E).  

To assess the extent of epithelial cells proliferation in the intestinal mucosa, 

immunohistochemistry with anti-ki67 (SP6, RM-9106-S, Labvision) primary antibody 

was performed. Four µm sections were deparaffinized and underwent heat-induced 

epitope retrieval at pH 9, for 40 min at 95°C (Dewax and HIER Buffer H, TA-999-

DHBH, Thermo Scientific, UK). Endogenous peroxidase activity was blocked by 

incubating sections in 3% H2O2 for 10 min. Slides were rinsed and treated with PBS 

containing 10% normal serum for 30 min to reduce nonspecific background staining 

and then incubated for 1 hour at room temperature with the primary antibodies. 

Sections were incubated for 30 min with appropriate biotinylated secondary 

antibodies (Vector Laboratories, Burlingame, CA, USA), and then labelled by the 

avidin-biotin-peroxidase (ABC) procedure with a commercial immunoperoxidase kit 

(VECTASTAIN Elite ABC HRP Kit Standard, PK-6100, Vector 

Laboratories, Burlingame, CA, USA). The immunoreaction was visualized with 3,3’-

diaminobenzidine substrates (Peroxidase DAB Substrate Kit, VC-SK-4100-KI01, 

Vector Laboratories, Burlingame, CA, USA) for 5 min and sections were 

counterstained with Mayer’s hematoxylin. Digital slides were obtained from H&E, 

and immunostained sections by using the NanoZoomer-S60 Digital slide scanner 

(Hamamatsu, C13210-01), and images were captured by using theNDP.view2 Viewing 

software (Hamamatsu, U12388-01). 

To assess the proliferation of the intestinal mucosa, the % of ki67-positive epithelial 

cells (number of ki67 positive nuclei/number of total nuclei x 100) was evaluated using 

the ImageJ analysis program (http://rsb.info.nih.gov/ij/). 

 

http://rsb.info.nih.gov/ij/
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Figure 1. Representative image of the intestinal segment perfusion model, ideally subdivided in 

proximal (A), medial (B) and distal (C) portions for tissue sampling. The outlined lines indicate the 

incision points. 

 

 

2.4. Statistical analysis 

The results of blood and intestinal content glucose, minerals and metabolites were 

analyzed using a one-way ANOVA using JMP® Pro 15 (SAS Inst. Inc., Cary, NC, USA). 

Multiple comparisons among timepoints were evaluated by performing Tukey's 

Honestly Significant Difference test (Tukey’s HSD). The results were presented as least 

square means ± standard errors (SE). The means were considered different when p ≤ 

0.05. 

 

3. Results   

During the extracorporeal circulation, pressure and oxygenation conditions were 

maintained stable showing no alterations for three hours. Organ temperature was 

progressively increasing over time, maintaining the sub-normothermic perfusion 

throughout the experimental period (T0 = 15.2 °C, T1 = 17.5 °C, T2 = 18.8 °C, T3 = 19.2 
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°C, T4 = 20.5 °C, T5 = 21.0 °C, T6 = 22.0 °C, T7 = 23.0 °C, T8 = 23.6 °C, T9 = 24.5 °C, T10 

= 25.0 °C, T11 = 25.0 °C, T12 = 25.6 °C, T13 = 25.6 °C, T14 = 25.8 °C). In general, the 

intestinal segment showed redness due to blood vessels reperfusion, except in the 

distal portion C that appeared pale and bloodless, and the peristaltic activity was 

observed after pinching stimulation. Reaching 25.3 °C the peristaltic contraction was 

noted without any external stimulation. 

 

3.1 Glucose, mineral concentrations, organ temperature and intestinal pH 

The glucose level measured in Krebs-Ringer solution was 123.67±2.31 mg/dL. The 

glycemia revealed a constant decreasing trend from an initial concentration of 

44.00±1.20 to 27.50±0.41 mg/dL after 3 hours of extracorporeal circulation (Figure 2). 

Considering the sampling intervals, during the first hour (T0-T8) statistically 

significant different concentrations were registered comparing T0 to T5, T6, T7 and T8 

(44.00±1.20, 36.50±1.20, 41.50±1.20, 38.25±1.20, 38.50±1.20 mg/dL respectively (p < 

0.001). In the course of the second (T8-T12) and third hour (T12-T14) glucose 

concentration gradually decreased until the end of experiment (p < 0.01). The glucose 

concentrations of intestinal lumen did not significantly differ from the beginning to 

the end of extracorporeal circulation (T0: 94.00±6.43 mg/dL; T4: 99.50±6.43 mg/dL; T8: 

97.50±6.43; T12: 90.50±4.55 mg/dL; T14: 84.00±5.25). 

 

Figure 2. Glycaemic levels measured for 3 hours from the extracorporeal circulation of perfused 

intestinal segment. 
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Data are expressed as least squared means and standard errors.  

Different lowercase letters indicate statistically significant differences (p ≤ 0.01). 

First hour: hematic glucose concentrations of the first hour measured at 7 minutes intervals; Second 

hour: hematic glucose concentrations of the second hour measured at 30 minutes intervals; Third hour: 

hematic glucose concentrations of the third hour measured at 30 minutes intervals. Asterisk indicates 

statistically significant different values. 

 

 

Considering the mineral concentrations, Ca2+, Mg2+, K+ and Na+ showed significant 

differences over the experimental time (Figure 3). In particular, Na+ blood levels raised 

from T0 to T4 and decreased slightly at T14, while its concentration in intestinal 

content was constantly reducing over time (p < 0.01). Ca2+, Mg2+, K+ blood 

concentrations increased significantly over time, and co-currently their concentrations 

in the intestinal lumen significantly dropped from T0 to T14 (p < 0.01).  

Intestinal pH showed a constant value of 7 registered for T0, T4, T8, T12 and T14. 

 

 

Figure 3. Mineral concentrations measured over time in blood plasma and intestinal lumen content. 
Data are expressed as least squared means and standard errors.  

Different lowercase letters indicate statistically significant differences (p ≤ 0.05). 

a) Calcium (Ca2+) concentrations measured at T0-T7-T14 in blood and T0-T14 in intestinal lumen 

content; b) Magnesium (Mg2+) concentrations measured at T0-T7-T14 in blood and T0-T14 in intestinal 

lumen content; c) Potassium (K+) concentrations measured at T0-T7-T14 in blood and T0-T14 in 
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intestinal lumen content; d) Sodium (Na+) concentrations measured at T0-T7-T14 in blood and T0-T14 

in intestinal lumen content. 

 

 

3.2. Lactate dehydrogenase and nitrite concentrations 

LDH blood concentrations revealed a persistent trend over time even if statistically 

significant differences were observed in T3 and T4 compared to T14 (T3: 0.77±0.05 OD, 

T4: 0.85±0.05 OD and T4: 1.08±0.05 OD; p < 0.05; Table 1). Intestinal lumen content 

registered raising concentrations of LDH from T4 to T14 (p < 0.0001). 

Nitrite ion concentrations were below the detection level of the assay for the entire 

experimental period (< 1.56 µM). 

 

Table 1. Lactate dehydrogenase concentrations measured over time in blood and intestinal lumen 

content. 

Timepoint Blood (OD) Lumen (OD) 

T0 0.93±0.05ab 0.32±0.02a 

T1 0.99±0.05ab  

T2 0.81±0.05ab  

T3 0.77±0.05a  

T4 0.84±0.05a 0.34±0.02a 

T5 0.87±0.05ab  

T6 0.82±0.05ab  

T7 0.89±0.05ab  

T8 0.89±0.05ab 0.50±0.02b 

T9 0.86±0.05ab  

T10 0.92±0.05ab  

T11 0.83±0.05ab  

T12 0.92±0.05ab 0.80±0.02c 

T13 1.01±0.05ab  

T14 1.08±0.05b 1.36±0.02d 

p-value 0.0256 < 0.0001 

Data are expressed as least squared means and standard errors.  

Different lowercase letters indicate statistically significant differences (p ≤ 0.05). 

OD: optical densities measured at 490 nm of wavelength. 
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3.3. Histological evaluation of the intestinal segment 

In all examined portions (A, B, C), the intestinal architecture was preserved. A diffuse 

moderate infiltration of lymphocytes, plasma cells and lesser numbers of neutrophils 

was present in the intestinal mucosa, consistent with a diffuse moderate subacute 

enteritis. Moderate hyperemia was present in portions A and B (Figure 4). The 

intestinal epithelium of A and B portions were similar in terms of a slight de-

epithelialization in the apical part of villi (Figure 4A, Figure 4B). On the contrary, the 

intestinal portion C showed absence of erythrocytes within blood vessels (impaired 

perfusion) and a diffuse necrosis of villi was visible (Figure 4C). 

Immunohistochemistry analysis revealed 47.58% of proliferating epithelial cells in 

portion A, 35.01% in portion B and 33.72% in portion C (Figure 5).  

 

Figure 4. Histology of the perfused intestinal tract at the end of the 3 hours of extracorporeal 

circulation (H&E stain, 100x, scale bar = 200 µm). Portions A and B were overall well preserved and 

perfused, as demonstrated by blood vessels engorged with erythrocytes (arrowheads). In portion C, 

blood vessels are not evident (impaired perfusion) and necrosis of villi (*) was present. 

Haematoxylin eosin of intestinal A, B and C sections. 

 

Figure 5. Proliferation of intestinal crypt epithelial cells. 

Immunoperoxidase staining for ki67, 400x, scale bar = 20 µm in portions A, B, and C. 

 

 

4. Discussion 

This study aimed to investigate the possibility to develop an alternative perfused 

intestinal segment model to study the nutrient bioaccessibility and bioavailability 

targeting to provide more complete data compared to other in vitro models. It is 

important to consider that this model is more advanced if compared to a classic ex vivo 

A B C 

* * * 

A B C 
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model which do not provide extracorporeal circulation. This model was obtained 

following the surgery techniques used for in vivo organ transplantations in order to 

preserve the organ viability and architecture during the entire experimental period 

(Stangl et al., 2000).  

Glucose bioaccessibility was evaluated due to its relevance in vivo as energetic marker 

derived from starch and sugar digestion. The glucose level is considered a marker of 

cell proliferation, viability (Li et al., 2007; MacIver et al., 2008) and functionality for the 

metabolic activity (Clara et al., 2017). The initial glycemic level (44.00±1.20 mg/dL) 

could be considered low if compared to the normal range of swine species (from 80 to 

120 mg/dL) (Uc et al., 2015; Lombardi et al., 2020). The observed initial low glycaemia 

could be due to the animal fasting before slaughtering procedures. The glycemic trend 

showed a decreasing curve suggesting the utilization of glucose by erythrocytes and 

intestinal cells and the impossibility to store sugars in the intestinal tissue after blood 

perfusion. We observed a peak of glucose absorption at 7 minutes of extracorporeal 

circulation, and after the first hour a drop of 18% was registered. Even without 

registering significant differences, endoluminal content of glucose showed decreasing 

concentrations probably due to the low amount of glucose consumed by erythrocytes 

for their metabolism (Nossol et al., 2015). However, the observed results suggested 

that glucose was transported throughout its traditional mechanism. Glucose uptake is 

mediated via the Sodium-Glucose Cotransporter 1 (SGLT1) localized on the 

enterocytes membrane and its basolateral to the blood circulation is mediated 

primarily by the Glucose Transporter 2 (GLUT2) (Croset et al., 2001). Glucose 

absorption is a complex mechanism also mediated by pancreas and renin-angiotensin-

aldosterone (Giacchetti et al., 2005). In this study, the glucose absorption could not be 

mediated by hormonal asset (Khan and Pessin, 2002) since it can be fully replicated 

only in vivo. The glucose concentration used was based on the defined level for the 

Krebs-Ringer solution as intraluminal nutrient medium. The low intraluminal glucose 

concentration (Verhoeckx et al., 2015) permitted to confirm organ metabolism without 

registering osmotic damage (Quan et al., 2008), even if it was not possible to evaluate 

a kinetic curve of its uptake (Hamed et al., 2021). Observed results suggest that the 

glucose could be considered an interesting marker for further application of this 

perfusion model for the evaluation of functional feed additives which are meant to 

improve gut health and nutrient utilization (Sotira et al., 2020; Miragoli et al., 2021).  

Minerals are essential inorganic nutrients that have to be exclusively acquired from 

the diet (Samat et al., 2020). Minerals concentration was evaluated as indirect indicator 

of intestinal function as they do not require digestion to be absorbed. Na+ 

concentration in blood displayed a significant increase from T0 to T7 and decreased 

from T7 to T14. In the meantime, the intestinal lumen content of Na+ dropped 
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significantly from T0 to T14. The observed increase in osmolarity suggested that Na+ 

uptake and utilization was maintained during the extracorporeal circulation. The 

absorption of Na+ is associated with glucose uptake from Sodium-Glucose 

Transporters (SGLT1) (Navale and Paranjape, 2016). In this model, the physiologic 

separation of vascular, interstitial, and intracellular sections was conserved, and the 

blood concentration of Na+ required to maintain a correct balance of its level in the 

interstitial matrix.  

K+ is one of the most important minerals for the acid-base and osmotic pressure 

balance (Baloš et al., 2016). K+ is the most abundant cation in the intracellular and its 

plasma level is lower than sodium abundance (Udensi and Tchounwou, 2017). Similar 

to what observed for Na+, K+ levels increased in blood and decreased in lumen content 

from T0 to T14. 

Mg2+ is one of widely abundant minerals in the animal body, and it is involved in 

several pivotal processes such as energy production, muscular contraction and 

nervous impulses transferring (Gröber et al., 2015). The observed increased Mg2+ 

plasma concentration suggests its absorption from intestinal lumen. In our study, Mg2+ 

blood level showed a drop from T0 to T7 probably due to epithelial utilization of this 

mineral. Subsequently, the Mg2+ concentration increased from T7 to T14 indicating its 

absorption from the lumen content. The intestinal lumen levels of Mg2+ significantly 

dropped from T0 to T14 indicating a duodenal uptake through passive and facilitated 

diffusion processes (Scillitani et al., 2020). Ca2+ absorption is achieved through the 

active transport and passive diffusion (Duan et al., 2020). Its absorption is related to 

the Mg2+ presence, involving the ATP-dependent ionic pumps that transfer Ca2+ in the 

extracellular space exchanging calcium with Na+ (Veklich et al., 2015). Mg2+ could be 

also indirectly influenced by Na+ and K+ concentrations since it is involved in the 

activity of the sodium-potassium pump (Rodrigues et al., 2021). Gastrointestinal 

system and kidneys closely regulate Mg2+ absorption and elimination (Al Alawi et al., 

2021), and its intestinal active and passive uptake mechanisms seem to do not be under 

hormonal control (Vormann, 2003). For this reason, Mg2+ concentration could be 

considered a translational parameter to in vivo, that indicates the nutrients’ 

bioaccessibility in the following perfusion model. 

In line with the registered trend of Mg2+, Ca2+ levels significantly raised in blood and 

dropped in the intestinal lumen content. Ca2+, Mg2+ and K+ plasma concentrations 

showed a decrease in case of enteritis in vivo which can impair the absorption 

functionality of the gut epithelium (Kimmel et al., 2000; Bhat et al., 2013). In our 

duodenum perfusion segment model, luminal and plasma mineral concentrations 

demonstrated that the bioaccessibility of these nutrients was maintained over three 

hours of extracorporeal circulation. 
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The lactate dehydrogenase is a cytosolic enzyme that catalyzes the conversion of 

lactate to pyruvate. LDH measurements offer a non-invasive and objective indication 

of mucosal cellular integrity since the extracellular localization of LDH is associated 

with an epithelial tissue injury (Sreenivasan et al., 2021). LDH blood concentrations 

did not show any difference over time even if higher numerical values were registered 

after 3 hours. During an organ injury LDH is released from dead cells and its 

concentration increases both in plasma and intestinal content (Mura et al., 2007). In 

addition, LDH is strongly correlated with hemoglobin release in blood vessels due to 

hemolysis (Sullivan and Faulds, 2013). The registered levels of LDH in plasma 

suggests that peristaltic pump and pressure conditions used for extracorporeal 

circulation were suitable in terms of erythrocytes integrity (Poder et al., 2017). The 

perfused intestinal segment model showed a progressive increase of luminal 

concentration of LDH suggesting a progressive damage of epithelial mucosa, 

consistent with the intestinal de-epithelialization and necrosis observed during the 

histological evaluation.  

In this model, LDH concentrations in plasma and intestinal lumen content could be 

considered as reliable indirect control to assess organ viability over time.  

In line with Sundaram et al. (2020), nitric oxide was not detectable, probably due to 

the limited ability of swine enterocytes to produce NO2-. 

The preservation of tissue integrity before and during the experimentation is pivotal 

to ensure the accuracy and reproducibility of data (Sjöberg et al., 2013). Histological 

evaluation revealed that the overall intestinal architecture was preserved after 3 hours, 

with a visible blood perfusion and only a slight de-epithelialization of villi in portions 

A and B, while in portion C perfusion was absent and a diffuse loss of intestinal villi 

was observed. In this distal portion the nutrient absorption was likely impaired. 

Intestinal proliferation resulted highest in proximal portion A with a progressive 

decrease in B and C, supporting a reduced vitality in particular in the distal portion C. 

In the examined portions of duodenum, the observed enteritis was considered a 

spontaneous finding not unexpected in a farming pig.  Preservation of  epithelial 

structures for 3 hours was proposed as optimal period to optimize organ viability in 

ex vivo studies (Sutton et al., 2014). The observed increase in LDH was likely due to the 

de-epithelization of the intestinal mucosa. Hyperemia observed in the portions A and 

B was probably due to high pressure conditions, even if the selected parameters were 

in accordance with previous studies. In this model, pressure conditions require to be 

adapted in accordance with the size of the considered intestinal segment, and this 

aspect will require further adaptations in order to perfection this model. Literature 

studies demonstrated that UW solution provides better conservation of patches 

through prolonged ischemia compared to other solutions (de Sousa et al., 2021). 
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Further studies are needed to assess the glucose absorption trough perfusion of higher 

glucose concentrations through the intraluminal line. In addition, more data are 

required to investigate and optimize the luminal nutrition in order to maximize the 

organ viability and the conservation of intestinal structure for longer periods. 

 

5. Conclusions 

The developed swine perfused intestinal segment model showed characteristics of 

organ viability and functionality over three hours of extracorporeal circulation. The 

duodenum segment preserved the principal nutrients bioaccessibility, cellular 

metabolism, and, at histological evaluation, showed a preserved intestinal epithelial 

lining in the perfused portions. This study offered encouraging results for the 

development of a novel swine intestinal segment perfusion model for the evaluation 

of nutrients bioaccessibility in line with the 3R principle. Future studies will be useful 

to improve the organ viability and structures conservation, considering the potential 

of this model also for application to translational medicine for intestinal 

transplantations. 
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7 General Discussion and Conclusions 
WHO estimated that world population is constantly growing and by 2050 global 

population will increase to 9.8 billion. To fulfil the increasing food demand, we have 

to face important challenges related to sustainability and health. In particular, 

antimicrobial resistance is a global worldwide threat for humans, animals and the 

environment. Spreading of antimicrobial resistance genes will potentially lead to a 

progressive ineffectiveness of antibiotic treatments, causing the lack of medical cares 

for bacterial infections. This problem prompted countries from around the world to 

establish restrictive regulations for a judicious use of antibiotics in order to preserve 

the last effective molecules. On the other hand, research is aiming to find possible 

alternatives or integrated approaches to contrast this emerging issue.  

Livestock farming require to evolve due to the current needing of a more efficient and 

sustainable production system. During their first phases of life, animals have to face 

several stressors that can increase the risk of development of various multifactorial 

diseases which comprise gastrointestinal disorders. These diseases have a negative 

reflect on farm profitability and animal health due to the cost of treatment and 

decreased growth performance. The presence of pathologies resort farmers to use 

antibiotics treatments to heal affected animals. The nutritional approach can be 

considered interesting for its functionality by supplementing diets with bioactive 

compounds capable of increasing health status of animals and preventing pathologies 

occurrence. Functional feed additives can be considered as interesting alternative due 

to their content of nutricines that have a positive impact on animal health.  

In this thesis algae, tannins extract, tributyrin, leonardite, L. plantarum and L. reuteri 

have been evaluated with in vitro and/or in vivo approaches as alternatives to 

antibiotics.  

The in vitro evaluation allowed to assess the main functional properties of investigated 

additives, permitting to optimize their inclusion rate and reducing the use of animals 

for experimental purposes in line with the 3R principles.  

The characterization of algae showed that they might be promising for their particular 

functionality with antimicrobial and antioxidant activities. In addition, algae species 

are unique presenting different characteristics, and they may be combined to exploit 

their complementary effects in order to create synergistic combinations.  

Tannins have been shown to be the strongest antioxidant and antimicrobial additives 

among tested compounds showing different ability depending on their source 

(quebracho or chestnut). Tannins can create insoluble bonds with dietary proteins 

leading to lower bioaccessibility and for this reason their supplementation in feed 
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should be optimized to maximise their functional effects without impairing protein 

digestibility.  

L. plantarum and L. reuteri are not included in the Register of Feed Additives of EU 

(Reg. 1831/2003) as functional additives for swine. However, our results showed that 

they demonstrated to resist to gastric pH, to simulated gastrointestinal process, to have 

co-aggregative properties and to possess adhesive capacity on swine enterocytes 

mainly due to their surface proteins. These characteristics suggested the possible use 

of L. plantarum and L. reuteri as interesting probiotics for swine species. 

The in vivo evaluation exacerbated some features of functional feed additives in field 

conditions. In particular, the supplementation of 1.25% of tannins extract did not affect 

feed palatability and did not influence the performance. However, the polyphenolic 

intake and the nitrogen excretion was higher in the treatment group. Tannins 

supplementation lowered serum urea concentration after 42 days. Results on intestinal 

cells in vitro revealed a hermetic effect of tannins and their capacity to counteract 

oxidative stress enhancing the cell viability. These results suggested that tannins have 

potent antioxidant, antimicrobial, and citomodulatory effect, however their positive 

impact can be better elucidated under stressful conditions.  

The dietary inclusion of 0.20% of tributyrin positively increased zootechnical 

performance, lowered urea concentration and modulated cholesterol concentration. 

Tributyrin supplementation decreased the relative abundance of Bifidobacteria spp. 

and Lactobacillus spp. that are recognised as positive indicators of gut health. 

Leonardite supplemented in feed at 0.25% significantly raised zootechnical 

performance of piglets, modulated lipid metabolism and increased mineral serum 

content. In addition, leonardite showed antioxidant activity due to their phenolic 

moieties and carboxylic acids without highlighting differences in serum diamine 

oxidase concentration thus suggesting that DAO variations are related to the presence 

of intestinal damage. Leonardite supplementation lowered the abundance of 

Bifidobacteria spp. and Lactobacillus spp. and an increase amount of Prevotella genera.  

These results seem to indicate that functional feed additives may decrease some 

positive indicators of gut health. The needing to investigate this aspect to better 

understand mechanisms that regulates the microbial environment of gut and their 

possible modulation by dietary approach was explored by the evaluation of gut 

microbiota by V3-V6 region of 16S rRNA gene amplification and sequencing. 

Microbiota evaluation of tannins supplemented in piglets revealed to favour groups 

of butyrate-producing bacteria and microbial pathways with a higher potential for 

carbohydrate metabolism. Tributyrin supplementation showed the highest impact on 

gut microbiota increasing the beta-diversity of treated group compared to control. In 

particular, tributyrin supplementation increase the relative abundance of Oscillospira, 
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Oscillibacter, Mucispirillum and Butyrivibrio genera positively correlated to animal 

growth. Using the functional profile prediction, tributyrin group revealed a higher 

genetic potential for energy metabolism and a lowered potential for carbohydrate 

metabolism. Depth investigation of gut microbiota was useful for enriching the 

scientific knowledge related to gut microbiota modulation of functional feed additives. 

Due to encouraging results observed during in vivo trials with tannins, tributyrin and 

leonardite supplementation, a possible combined effect of these three functional 

compounds was investigated in weaned piglets with a combined supplementation for 

28 days. Results showed that mixture of tannins extract, leonardite and tributyrin 

significantly decreased diarrhoea occurrence, modulated the lipid metabolism, 

increased the abundance of Prevotella and Fibrobacter genera and lactic acid:coliform 

bacteria ratio. Based on these promising results the use of different functional 

compounds characterized by different mechanisms of action may positively contribute 

to intestinal health and diarrhoea prevention in piglets thus decreasing antibiotic 

treatments.   

L. plantarum and L. reuteri supplemented in weaned piglets significantly decreased the 

diarrhoea incidence in treated groups compared to control showing a higher faecal 

consistency. In particular L. plantarum registered the lowest cases of diarrhoea over 28 

days of trial compared to other groups. The dietary supplementation of the 

combination of both bacterial strains did not show a particular advantage on animal 

health and performance suggesting that they do not exert a complementary or 

synergistic effect.  

Due to increasing public awareness and concern on animal experimentation, it is 

necessary to develop innovative science-based model that can predict nutrient value 

and their bioaccessibility without using animals for experimental purposes. The use of 

the most innovative ex vivo perfusion techniques allow to study and mimic the 

intestinal absorption obtaining reliable data for translation to in vivo. For this reason, 

an intestinal swine perfused segment model was developed to explore possible 

alternatives to animal experimentation. Obtained findings confirmed nutrient 

bioaccessibility maintaining most of histological structure of the organ. This 

encouraging result can be used for improving ex vivo perfused models for future 

investigations on nutrients bioaccessibility and translational medicine. 

In conclusion, tested compounds can not substitute the therapeutic treatment of 

antibiotics. However, the utilization dietary approaches using functional feed additive 

can significantly contribute to decreasing pathology occurrence, boosting animal 

health and performance thus decreasing the needing of therapeutic treatments leading 

to a reduction in antibiotics use. In addition, possible synergistic effects have to be 
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considered by combining various compounds with different mechanisms of action for 

improving the health status, intestinal eubiosis and animal resiliency.  

The following project contributed to increase the knowledge related to bioactive 

compounds capable to boost the animal health, prevent pathologies occurrence and 

raise farm profitability. Nowadays, costs related to dietary inclusion of feed additives 

are high and their use could be more convenient for farms where high prevalence of 

pathogens and gastrointestinal disorders has been registered. Some of these functional 

products, such as algae, could probably find their application with innovative 

cultivation systems directly in the farm. Other compounds can be obtained from the 

valorization of agro-industrial wastes such as tannins which may lead to lower costs 

of functional additives on the market.  

In line with the One Health principles, the reduction of antibiotics use will be 

fundamental for preserving the last effective antibiotic molecules and safeguarding 

the environment for a future sustainable development on Earth. In light of this, the use 

of functional feed additives can be considered as interesting alternative for preventing 

multifactorial disorders and thus reducing the antibiotic treatments in livestock 

farming.  

 

7.1 Future Goals and Perspectives: 

This long journey through my PhD allowed me to importantly increase my scientific 

knowledge on alternatives to antimicrobial related to feed additives. However, many 

questions and points need to be addressed by further studies. Based on obtained 

findings, I strongly believe that dietary supplementation of functional feed additives 

could contribute to the decrease of antimicrobial in livestock thus reducing resistance 

genes spreading.  

Today, another fundamental key point in line with the One Health principles relies on 

the animal farming sustainability. The livestock system is currently debated for 

various prospectives related to the environment in regard to the water and land use, 

pollution, deforestation and the competition with humans for the cultivation of crops 

for food production. In line with new international policies for the future world 

development, strategies to mitigate the environmental pollution and reduce the 

impact of animal farming are required. In this scenario, the exploitation of agro-chain 

wastes for animal nutrition could represent an interesting strategy in order to enhance 

the circular economy of farms reducing the environmental impact. The dietary 

approach represents one of the most effective strategies for modulating nutrients 

excretion, production of wastes and greenhouse gasses emission. The aim of future 

projects will be to develop innovative dietary strategies and feed additives that 
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favourably affect the environment or stabilise the physiological conditions in order to 

increase animal health, performance, thus reducing the antibiotic use and 

environmental impact of livestock productions. Specific aims future work will be 

focused on i) the reduction of antibiotic use in animal farming, ii) the increase of 

livestock sustainability valorizing wastes and reducing emissions. The idea will be to 

investigate natural substances, bioactive effects from plant-based products and edible 

vaccines as possible alternatives to antibiotics and environmentally sustainable 

products through in vitro, ex vivo and in vivo approaches, following the 3R principle on 

animal experimentation (Dir. 2010/63/EU). Future projects wish to evaluate innovative 

functional feed ingredients, additives, bioactive compounds and engineered edible 

vaccines through multiple approaches assessing their composition, digestibility, 

antioxidant capacity, antimicrobial and immunogenic effects and their impact on the 

environment, animal health and performance.  

In particular two interesting topics could be considered according to current aims of 

European Union and international organizations: i) the valorization of plant wastes 

from the agro-chain production as feed additives alternative to antibiotics (e.g. 

chestnut waste and hemp hurds) and ii) the development of innovative edible vaccines 

against enteric diseases caused by pathogenic Escherichia coli of swine species. Edible 

vaccines study could continue an initiated project developed during my PhD carrier 

parallelly with the research group and during my internship at the Laboratory of 

Immunology at the University of Ghent under the supervision of Prof. Eric Cox. Oral 

vaccines could become an important sustainable alternative to the traditional antigen 

delivery for their cost-effective, needleless, convenient, safe alternative to vaccine 

production. In particular, the attention will be focalized on the evaluation of xenogenic 

tobacco seeds and engineered Lactococcus lactis strains as multivalent edible vaccinates 

against major E. coli pathotypes for swine. 

 

 

  

 

 

 


