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Abstract  

Pharmacological level of zinc oxide (ZnO) was one of the most used strategies during weaning 

transition. However, its therapeutic use was banned in the European Union in 2022; hence, the 

evaluation of different sources of zinc (Zn) that can be as effective at lower inclusion is essential and 

challenging. This thesis included a meta-analytical and literature review regarding the Zn effects on 

post weaning piglets as well as two in vivo trials where piglets with different intestinal maturity 

received different sources of Zn at EU authorised level. Additionally, a study investigating different 

Zn and copper sources and doses in post-weaning piglets’ diets is included. The meta-analysis 

confirmed the pharmacological ZnO positive effects, and identified promising alternatives, such as 

porous, nano, or chelated Zn forms. The second and third study revealed how physiological variations 

observed may be merely associated to the age at weaning or birth body weight. Therefore, to reduce 

these discrepancies, novel nutritional strategies should focus on fulfilling the piglets’ Zn requirements 

while alleviating post-weaning recovery. Additionally, these trials demonstrated that porous ZnO 

effectively mitigated weaning-associated stress, particularly in early weaned or low birth weight 

piglets. Both trials revealed a positive influence on the gastrointestinal microbial composition and 

morphology, which contributed to enhanced activation of the gut immune system and overall health. 

The last trial confirmed the greater positive outcomes of pharmacological dose of ZnO in piglets’ 

diets but also highlighted increased fecal Zn concentration as drawback. Notably, supplementation of 

300 mg/kg of a porous form of ZnO showed growth performance similar to those of the 

pharmacological ZnO. In conclusion, despite promising alternatives, no direct replacement for 

pharmacological ZnO is currently available. Further research is needed to identify Zn sources that 

can address both local and systemic effects, ultimately improving post-weaning strategies for piglets’ 

health and performance.  
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GENERAL INTRODUCTION 

Over the past 30 years, there has been a significant increase in sow prolificacy, which refers to the 

ability of a sow to produce a large number of piglets. Selection for hyper productive sows has led to 

an increase in litter size of more than 50% over this period (Theil et al., 2023). In Europe, for example, 

the average number of pigs born per litter increased from 11 to 14 between 1990 and 2010, and this 

trend has continued, with some sows giving birth to 18-20 piglets or more. In the USA, the number 

of pigs born per litter has increased by an average of 0.104 pigs per year, an increase of 2.93 pigs per 

litter over 28 years. This increase in fertility has been attributed to genetic advances, improved 

nutrition, and management techniques. The modern sow genotype has changed dramatically in terms 

of its productive and metabolic profile, requiring different management strategies to support its hyper-

productivity (Bortolozzo et al., 2023). Overall, genetic advances and improved management practices 

have resulted in a significant increase in sow prolificacy over the last 3 decades. 

 

Figure 1. Average litter size trends from 2011 to 2018 in Europe (Novus International, Inc., 2019) 

The number of pigs weaned per sow per year, an essential parameter for assessing sow productivity, 

is derived from a number of factors such as the total number of piglets born alive, the number of 

piglets weaned per farrowing, as well as the farrowing-conception interval. Recent data have shown 

that the introduction of genotypes selected for total number of births, also called hyper-prolific lines, 

has resulted in litters with 18 to 20 piglets born alive per farrowing per sow (Kemp et al., 2018; 

Kobek-Kjeldager et al., 2020). The increase in litters size has brought with it a set of issues affecting 

gestation, parturition, and lactation. Studies published over the past 25 years have shown a positive 

correlation between duration of farrowing and litters size with obvious issues for high-prolific lines, 

which are expressed in the increased risk of uterine inflammation and placental retention (Björkman 

et al., 2017; Ison et al., 2018). In addition, as the number of piglets born per sow increased, there was 

evidence of a decrease in the average weight of the individuals at birth and an increase in weight 
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variation within the same litter (Matheson et al., 2018; Smit et al., 2013). In addition to this, 

difficulties in lactation have been shown with the risk of underfeeding the litters; in fact, sows possess 

on average 14 functional teats, thus not enough in number to simultaneously suckle the entire litter if 

too numerous (Boulot et al., 2008). A higher number of piglets born than the number of available 

teats, reduced average piglet weight, and increased variation in the weight of individuals within litters 

contributes to increased competition among piglets for colostrum consumption (Declerck et al., 

2017), from which results the increased risk associated with low viability of newborn piglets, with a 

delay in reaching teats in the early postpartum hours (Islas-Fabila et al., 2018) and consequently 

increased risk of early mortality. Among several physiological explanations to elucidate the reduced 

homogeneity of high-prolific sow litters, there is the positive correlation between the increased 

number of foetuses and their intrauterine growth, which could be the consequence of reduced uterine 

blood flow (Père and Etienne, 2000). Reduced uterine-placental blood flow, coupled with a lack of 

uterine space, is a major reason for reduced foetal growth and may be associated with a condition 

known as intrauterine growth retardation (IUGR) (Vallet et al., 2014). In large litters, an increased 

incidence of piglets classified as IUGR has been found, which shows decreased viability compared 

to siblings as the main phenotype (Matheson et al., 2018). In addition to the problems highlighted, 

there is the inability to produce colostrum and milk in adequate quantity and quality to support the 

nutritional needs of the litters (Theil et al., 2016). Reduced colostrum consumption, like an intake of 

less than 200g/day (Quesnel et al., 2012) in the first 24 hours of life, has negative effects on piglet 

survival (Devillers et al., 2011). In fact, piglets are born without adequate immune defence due to the 

epithelial-chorionic placental nature and must acquire maternal immunoglobulins through colostrum 

intake to be endowed with passive immunity, which allows them to pass through the phase of 

transition until the development of the lymphatic organs and then gain the ability to produce active 

immunity that occurs at about 6-7 weeks of age (Rooke and Bland, 2002). 

 

BACKGROUND 

In the modern swine industry, weaning occurs abruptly and earlier than in natural conditions. Indeed, 

in nature, weaning takes place gradually, generally around 11 to 17 weeks of age for piglets. 

Nowadays, in modern, industrialised farms, weaning takes place between 28 days and 21 days of age 

if specific requirements are fulfilled (EU Directive 2008/120/EU). In a piglet's early life, separation 

from the mother is certainly the most critical moment, as this is associated with a change in the 

environment, feeding habits and social interactions (Colson et al., 2006); all factors that if not 

managed correctly lead to stress in piglets with direct consequences on their health. This can then 
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result in a state of asthenia in the piglet leading to reduced feed intake, especially in the first week 

after weaning (Campbell et al., 2013). The animals' insufficient ingestion of feed can lead to a loss of 

approximately 100-250 grams of body weight on the first day after weaning, which will only be 

recovered after four days on average (Le Dividich and Sève, 2000). In addition to the problem of 

underfeeding, it is also essential to emphasise the functional and physiological changes that occur in 

the gastrointestinal tract (GIT). These include changes in the morphology of intestinal villi and crypts, 

decreased activity of many digestive enzymes (Lallès et al., 2007) and decreased gastric secretion of 

hydrochloric acid (HCl) (Huting et al., 2021). Indeed, weaning is the most critical phase of pig life, 

and this is demonstrated by the mortality and morbidity data recorded in most farms (Gebhardt et al., 

2020; Knauer, 2013). It is therefore crucial that piglets at weaning are able to feed themselves. Factors 

affecting their ability to take solid feed are various, such as the correct use of creep feed, age or body 

weight at weaning, balance of nutrients in the diet, presence of disease, immune status, feed 

palatability and feeding practices (Jayaraman and Nyachoti, 2017). Therefore, the correct maturation 

of the GIT is crucial for their future development. 

 

1. Development of the gastro-intestinal tract 

The growth, development, and the functionality of the GIT represent an evolution process which 

prepare the piglets, both before and after the birth, to the future development and, therefore, influence 

on their survivability. It is widely recognized that events occurring during the perinatal period can 

have permanent effects on the animal, affecting feed efficiency and/or immune resilience (Pluske et 

al., 2003a); therefore, it is crucial that factors influencing the GIT development are explored and 

discussed. The single layer of epithelial cells lining the GIT represents the largest interface between 

the host and the external environment. The intestinal epithelium participates in the digestion of the 

diet and absorption of nutrients through the secretion of enzymes in the enterocytes that constitute 

the brush-like shape and a series of apical and basolateral transporters. At the same time, the 

epithelium must provide a barrier to antigens, including pathogens, representing the body's first line 

of defence to prevent enteric infections. Several extrinsic and intrinsic defence mechanisms are 

provided by the GIT epithelium. One of the most critical process is the establishment and maintenance 

of the epithelial barrier, which is primarily regulated by a series of occluding junctions (tight 

junctions), which consist of a structure formed by numerous membrane proteins capable of preventing 

the translocation of antigens from the lumen to the blood or lymphatic circulation (Edelblum and 

Turner, 2009; Marchiando et al., 2010; Turner, 2009). Tight junction (TJ) proteins regulate epithelial 

permeability by selectively modulating the ions and pore size of the epithelium. Moreover, they also 
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play a critical role in establishing epithelial polarity. Polarization of the epithelium is important to 

maintain the apical Na+ gradients necessary for efficient transport of nutrients (glucose, amino acids) 

and water. The epithelium must ensure a physiological degree of permeability required for water 

uptake and trans-cellular antigens’ uptake (Turner et al., 1997). The homeostasis of the GIT is 

regulated by the ability of intestinal epithelial cells to secrete Cl ions
- and HCO3-, function which is 

mainly performed by crypts. The ability to increase secretion of ions and fluids is considered an 

important mechanism for eliminating pathogens in response to stress and infection (Moeser and 

Blikslager, 2007). Another important class of cells in maintaining intestinal homeostasis are the 

entero-endocrine cells. These play an important role in pathogen detection and can synthesise and 

release neuropeptides such as serotonin and peptide YY, which have a wide range of physiological 

functions, from defence against pathogens to metabolic regulation of appetite (Duca et al., 2013; 

Little and Feinle-Bisset, 2010). Thus, intestinal epithelial cells act as sentinel immune cells by 

interacting with the lumen and its antigens and recognizing pathogenic signal molecules by activating 

immune pathways designed to give an appropriate response to the type of infection (Schiering et al., 

2014). 

 

1.1 Development of the intestinal tract in the postnatal period 

The period after birth is clearly critical as the newborn pig has to adapt abruptly to life extra uterine 

environment, so it is in a fragile condition that can affect its physiological development with even 

medium- and long-term effects. In fact, the extra-uterine environment implies the GIT must quickly 

adapt to the transition from parenteral nutrition (through the placenta) to oral intake of 

colostrum/milk, leading to rapid growth of the organism. In fact, mammary gland secretions are rich 

in bioactive substances that stimulate intestinal mucosal proliferation, such as carbohydrates, proteins, 

immunoglobulins, lipids, vitamins, and minerals (Inoue and Tsukahara, 2021). At birth, hypertrophy 

and hyperplasia are responsible for massive growth of the stomach; during the first weeks of life, 

however, hyperplasia is the fundamental key to physiological growth of the piglet (Pluske et al., 

2003b). 

In piglets with an average weight of 1.45 kg, the weight of the small intestine and pancreas contribute 

3.1% and 0.14%, respectively, to determine the total live weight of the individual. However, within 

the first four weeks of life, the weight of piglets increases more than five time, this effect is mainly 

attributed to the significantly higher development of the GIT respect to that of the other organs 

(Zabielski et al., 2008). These changes are related to three main mechanisms that can be identified: 

1. increased blood flow in the GIT associated with reduced basal vascular resistance; 2. accumulation 
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of colostral proteins in enterocytes; and 3. change in epithelial cell turnover, resulting in mitosis and 

inhibition of apoptosis (Zabielski et al., 2008). Other studies have shown that the early growth of 

stomach, small and large intestine, liver, and pancreas has disproportionate trends compared to the 

rest of the body. The stomach increases its weight by 26-28% during the first day of life, compared 

with the 7-8% increase in total body weight during the same period. In parallel, there is a rapid 

increase in length (about 20%) and diameter (about 15%) of the small intestine and mucosal cell 

population (estimated from DNA quantity), which increases by about 50% during the first day of life 

and duplicates by the third day of life (Widdowson and Crabb, 2009). The marked increase in the 

absorptive surface area of the small intestine due to growth of the villi length is also observed, this 

rise is estimated to be about 50% during the first day of life and about 100% during the 10 days after 

birth in infant piglets (Modina et al., 2021). The height and morphology of the villi change during the 

life of piglets. At birth, the mucosa of the small intestine is covered by villi with a digitiform shape 

(Skrzypek et al., 2010). During the first few days of life, the length of villi increases rapidly from 

about 200-300 μm at birth to a length greater than 500 μm at 3 days of age (Skrzypek et al., 2021). 

Thereafter, simultaneously there is an increase in their diameter, thus resulting in a "leaf-like" shape. 

Regarding the large intestine, on the first days of life its weight increases by about 30% over birth 

weight and at 3 days of life its mass doubles (Montedonico et al., 2006). The proximal part of the 

colon at birth has conformation similar to the small intestine, with function not yet well defined. This 

morphological similarity with the small intestine is also accompanied by functional similarities where 

there is the presence of colonic enterocytes with amino acid transport function in the first two weeks 

of life. In a study by Pluske et al. (2003b) it was hypothesized that villus structures in the large 

intestine of neonates may have functional significance during the transition to oral nutrition of piglets. 

The decay of this transport function is not dependent by the age but appears to be influenced by the 

neurohormonal status of the piglets and the transition of feed. 

 

1.2 Development of the intestinal tract in the post-weaning period 

On average, piglet weaning occurs between 3 and 4 weeks of age and is characterised by a sudden 

reduction in contact between the sow and her piglets, as well as a sudden change in diet (Van 

Kerschaver et al., 2023). Although the entire transition period represented by weaning is highly 

stressful for the physiology of piglets, it is possible to divide this stage into two intervals composed 

by a first acute phase, which represent the first days after weaning and which has a term of 5-7 days, 

to which then follow a period of adaptation and maturation (Choudhury et al., 2021). It therefore 

implies that piglets which are not able to adapt to these changes will have negative consequences 

including lower body weight, higher susceptibility to potential pathogenic bacteria as well as 
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increased diarrhoea, compared to their littermate (Campbell et al., 2013). In the weaning transition, 

the piglets are subjected to various changes in the GIT as the passage from a liquid diet to a solid diet 

is a source of stress, the most obvious symptom being transient anorexia leading to an inflammatory 

state of the mucosa from which results a rapid atrophy of the small intestine mucosa that loses 20 to 

30 percent of its weight within 2 days from weaning (Montagne et al., 2007). The post-weaning 

atrophy of the villi is due to heightened apoptosis and diminished mitosis, especially in the duodenum 

compared to the ileum (Modina et al., 2021). Simultaneously, researches have shown a significantly 

higher tissue recovery in the same intestinal segment from 3 to 14 days after weaning, indicating 

increased cell turnover in the proximal small intestine (Marion et al., 2002). These changes have also 

been associated with reduced secretion of enzymes such as lactase, saccharase and maltase resulting 

in diminished digestion capacity as well nutrient absorption (Chen et al., 2017). Particularly, 

pancreatic enzymes decrease, leading to reduced nutrient digestion in the first week post-weaning. 

Indeed, Lallès et al. (2007) observed a reduction in lactase and aminopeptidase activity from two to 

fifteen days after weaning, and pancreatic secretions also decrease for up to 15 days after weaning 

before enzymes such as trypsin and amylase begin to increase again. This reduction is due to both the 

amount and class of pancreatic enzymes, as foetal hydrolases are replaced by new forms and new 

digestive enzymes such as protease E and elastase I, which were absent before weaning (Barszcz and 

Skomiał, 2011). Moreover, lipase activity drops due to the lower fat content in the weaning diet and 

the typically low feed intake observed shortly after weaning, likely due to enzyme store depletion 

from higher secretion rates than synthesis (Modina et al., 2021). In contrast, amylase activity rises to 

handle the increased dietary starches (Dzierva et al., 2023; Owsley et al., 1986). It takes around two 

weeks for enzyme levels and activity to return to normal, depending on the piglets' diet and the type 

of protein in their feed. Furthermore, a reduction in the activity of alkaline phosphatase, a key enzyme 

in the detoxification of endotoxin typical of pathogenic enterobacteria, has been observed in pigs 

weaned too early. All of these changes can adversely affect the digestive, absorptive, and secretory 

capacity of the small intestine and thus its ability to act as an intestinal barrier, favouring the onset of 

post-weaning diarrhoea (Lallès et al., 2007). Studies have shown that weaning in pigs causes 

detrimental effects on intestinal barrier, observed by a notable decrease in intestinal transepithelial 

resistance and increased permeability (Wijtten et al., 2011). Differences have been observed between 

piglets at the same age, composed by weaned and non-weaned littermates, where the weaned piglets 

showed increased intestinal permeability, which had its peak at 24 hours post-weaning with a 

consequent gradually decrease over the following two weeks (Moeser et al., 2007a). Simultaneously, 

a trigger in the immune system after weaning can be observed by the increase of proinflammatory 

cytokines (Hu et al., 2013). 
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2. Gut health  

The gut's main functions are the digestion and absorption of nutrients, and, at the same time, it has 

the important task of providing the body with defensive functions against toxins, microorganisms, 

and antigens (Pluske et al., 2018). The intestinal epithelial cells communicate with the immune cells 

of the lamina propria, which are responsible for secreting immunoglobulins upon antigenic stimuli in 

order to activate the immune response. The processes of digestion and absorption are linked to the 

surface of the epithelium, at the level of which the height of the villi and the depth of the crypts are 

indicators of the absorption capacity. The atrophy of the villi found in the acute post-weaning period 

may therefore reduce digestive capacity due to partial inhibition of enzyme secretion from the apical 

portion of the villi (Curry et al., 2017). Indeed, the gut can properly fulfil its function when the villi 

are well developed, in this condition, an optimal digestive and absorption process is guaranteed.  

Therefore, identifying the elements that interfere with the GIT development during the first phases of 

pigs’ life can be crucial for gaining a deeper insight into the body's physiological and immune 

reactions, as well as the vulnerability to digestive disturbances during weaning and later in piglets’ 

development. 

 

2.1 The epithelial barrier 

The epithelium in the small intestine serves three main purposes: absorbing and digesting nutrients, 

absorbing water and electrolytes, and acting as a physical barrier towards harmful antigens and 

pathogens (Szabó et al., 2023). When the intestinal barrier weakens or becomes more permeable, it 

can allow bacteria and allergens to pass into the body, triggering immune reactions and increasing 

the occurrence of infections (Pluske et al., 2018). The first physical barrier of the intestine is the 

mucus layer that covers the intestinal epithelial cells. This mucus forms a gel composed of mucins, 

glycoproteins, and is involved in preventing toxins and pathogens from being in direct contact with 

the intestinal epithelium (Johansson and Hansson, 2013). One of the key indicators of this barrier is 

the thickness of the mucus layer, the composition of which is influenced by the level of expression 

of genes coding for its synthesis (Liu et al., 2014). The rapid turnover of intestinal epithelial cells 

(three to five days) is also a useful mechanism for protection against pathogens that may colonise the 

intestinal tract during weaning, as it limits their adhesion to epithelial cells (Chalvon-Demersay et al., 

2021). The rapid renewal of damaged enterocytes is supported by high protein turnover and cell 

proliferation to maintain proper function (Camilleri et al., 2012). Within this system, the mucosa aids 

in digesting and absorbing nutrients through the action of enzymes and transporters across 

enterocytes, present in the apical and basolateral cellular area (Skrzypek et al., 2018). It also controls 
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the transportation of water in both directions through various mechanisms involving electrolytes, 

channels, and pumps. Moreover, TJ are able to regulate the intestinal barrier permeability (Suzuki, 

2020). Barrier function is also influenced by the junctions between epithelial cells, which depends on 

the organisation of TJ located apically on enterocytes (Wang and Ji, 2019). These junctions are 

protein complexes consisting of Occludin, Claudins, and adhesion molecules anchored to cytosolic 

molecules such as the Zonula Occludens proteins (Alizadeh et al., 2022). These proteins also establish 

the proper arrangement of cells, which is crucial for maintaining the necessary gradients for nutrient 

transport. Furthermore, a balanced level of permeability across and through cells is important for the 

absorption of water driven by solutes and the uptake of antigens (Moeser et al., 2017). Specialized 

types of cells within the intestinal barrier include goblet cells, responsible for producing the protective 

mucus layer, and Paneth cells, which have the purpose of secreting peptides with antimicrobial 

properties (Robinson et al., 2015). If the intestinal barrier is impaired, this results in an increase in 

intestinal permeability which actually increases the risk of diarrhoea, typical of the post-weaning 

phase (Tang et al., 2022). Additionally, cells within intestinal crypts secrete ions, like Cl- and HCO3-

, to regulate pH levels, providing defence against pathogens and stressful situations (Kim et al., 2012). 

Moreover, entero-endocrine cells release substances like serotonin and Peptide YY, which play roles 

in detecting pathogens and regulating metabolism and hunger (Roura et al., 2016).  

 

2.2 Intestinal immunity 

The pig placenta's epitheliochorial nature acts as a barrier against the transmission of large molecules 

like antibodies or exogenous antigens, resulting in newborn piglets with an underdeveloped immune 

system. At birth, the villi and crypt regions contain low quantities of macrophages and granulocytes, 

along with small aggregates of lymphocytes in areas which later will become Peyer's patches (Vega-

López et al., 1995). The early development of the immune system is shaped by various factors, 

including antigens and antibodies passed from the mother, genetic influence, dietary nutrients, and 

interplay with bacteria. Mucosal immunity represents an important defence mechanism that 

completes the range of defence tools that the body has at its disposal to limit the occurrence of 

infections in the GIT (Xu et al., 2014). Inflammatory processes allow the activation of immunity in 

order to counteract an infection or repair tissue damage. For immune cell proliferation to be 

stimulated, there has to be an activation of the demand for energy and nutrients, which are also useful 

for the synthesis of cytokines and proteins during the acute phase of inflammation (Wang and 

Medzhitov, 2019). Low gene expression of pro-inflammatory cytokines in the absence of high 

immunoglobulin secretion is an indicator of a good level of immunocompetence development. In 
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particular, the concentration of immunoglobulin A (IgA) in the intestine is a key element of mucosal 

defence and is an indicator of a good level of adaptive immune response (C. Zhang et al., 2018). 

Another indicator of immune fitness is the proliferation of lymphocytes at mucosal level (Chalvon-

Demersay et al., 2021). In the intestinal barrier, immune cells known as intraepithelial lymphocytes 

(IEL) and M cells (specialised intestinal cells) can be found (Modina et al., 2019). IEL consist mainly 

of T lymphocytes, positioned between enterocytes, beside the intestinal lumen, where they initiate 

and regulate immune reactions cells (Wiarda and Loving, 2022). The presence of T cells in the 

intestinal villi is limited in newborn piglets (Wiarda et al., 2020), but it increases during postnatal 

development, especially after exposure to microbes (around the acute weaning phase) (Bailey and 

Haverson, 2006). Indeed, T cells start to emerge within the first week of life, initially expressing only 

the CD2 surface marker without CD4 or CD8. CD4 cells then start to populate the mucosa between 

the second and third weeks (Talker et al., 2015), while CD8 cells begin later, starting from the third 

week (Rodríguez-Gómez et al., 2019). IgA+ plasma cells, crucial for mucosal immunity, have been 

detected in significant numbers by three to six weeks of age (Levast et al., 2014). Under normal 

circumstances, IELs also aid in maintaining mucosal epithelial cell turnover by removing dead or 

infected cells, therefore having a role in epithelial repair and renewal, which is crucial for gut health 

and overall well-being (Duerr and Hornef, 2012). M cells are specialised epithelial cells distinct from 

enterocytes in both structure and function (Ohno, 2016). Acting as sentinels of the mucosal immune 

system, M cells continuously sample the contents of the small intestine, functioning as transporter for 

antigens to the mucosal lymphoid tissue to initiate immune responses (Williams and Owen, 2015). 

These cells have distinctive introversion within the epithelium, housing macrophages, B 

lymphocytes, dendritic cells, and T lymphocytes, which are antigen cells derived from bone marrow. 

Morphologically, M cells differ from enterocytes in several aspects. Indeed, their apical surface lacks 

the well-organized brush border seen in enterocytes, instead they are characterised by short, irregular 

microvilli (Beyaz et al., 2010). Unlike enterocytes, M cells have a thin glycocalyx, which may 

facilitate better passage to antigens in the gut. Additionally, M cells are deficient of glycoproteins 

found on the apical surface of enterocytes, like sucrase-isomaltase, and alkaline phosphatase, which 

serve as negative markers for M cells (Corr et al., 2008). Intestinal mucosal immunity resembles that 

of mature animals when pigs are around 6 weeks old (Stokes, 2017). Concerning the weaning 

transition, it indicates that piglets are capable of having an immune reaction against pathogens starting 

at 3 weeks old, but the type and efficiency of this response vary notably compared to adult animals. 
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2.3 The equilibrium of the microbiota 

During the weaning period, microbial variability decreases, leading to the growth of pathogenic 

bacteria, potentially causing post weaning diarrhoea (PWD). Moreover, Alpha diversity, which 

reflects the number and variety of microbial species within the gut, plays a crucial role in this 

transition (Chen et al., 2017). A higher alpha diversity is often associated with a more resilient and 

stable microbiome, capable of overcoming pathogenic bacteria colonisation and supporting efficient 

digestion (Luo et al., 2022). Conversely, a decline in Alpha diversity during weaning can lead to gut 

dysbiosis, manifesting in conditions like PWD, reduced nutrient absorption, and impaired immune 

function. Therefore, maintaining a diverse microbial ecosystem is essential for ensuring healthy 

growth and optimal development during weaning (Upadhaya and Kim, 2022). As such, Alpha 

diversity serves as a key indicator of gut stability and resilience, making it a vital focus for improving 

pig health and performance during this critical developmental stage (Trevisi et al., 2021). Indeed, 

weaning is characterised by a notably reduced presence of Enterobacteriaceae and Bacteroidaceae 

and, meanwhile, increasing Prevotella has been observed through the pigs’ development rearing 

stages (Cremonesi et al., 2022). The gut of healthy piglets is colonised by more than 500 species of 

bacteria, fungi, and protozoa (Summers et al., 2019). In the cecum and colon mainly microbial species 

belonging to Firmicutes (Clostridium, Enterococcus, Lactobacillus, Ruminococcus) and 

Bacteroidetes (Bacteroides and Prevotella) are found (Choi et al., 2015). The above-mentioned 

bacteria, being in a homeostatic equilibrium with the host, ensure the protection of the gut. Indeed, 

an adequate concentration of commensal bacteria prevents the overgrowth of pathogenic bacteria by 

inhibiting their growth and producing short-chain fatty acids (SCFA) or antimicrobial peptides. The 

balance of the microbiota as opposed to the definition of dysbiosis is given by the presence of a high 

and diverse bacterial population, which identifies the presence of beneficial bacteria such as 

Lactobacillus, Bifidobacterium, and SCFA-producing bacteria, at the expense of potentially 

pathogenic bacteria such as Enterotoxigenic Escherichia coli (ETEC), Campylobacter spp. and 

Salmonella enteritidis (Chalvon-Demersay et al., 2021). Dysbiosis refers to an altered state of the gut 

microbiota, defined as the set of microorganisms present in a given ecosystem and the interactions 

that occur between it and the host (Dominguez-Bello et al., 2019). Indeed, the transition from a liquid 

to a solid diet at weaning can predispose the intestinal environment to a reduction in microbial 

diversity and beneficial bacteria belonging to the Lactobacillus group, resulting in an increase in 

potentially pathogenic microorganisms such as E. coli, and Clostridium spp. All of which can 

predispose piglets to the onset of intestinal diseases (Fouhse et al., 2019). Furthermore, reduced 

microbial diversity is correlated with increased permeability of the intestinal mucosa, which favours 

the passage of toxins and pathogens to the epithelium (Zhao et al., 2016). In the small intestine, 
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bacteria compete with the host for digestion and nutrient utilization (for example, lipids, 

monosaccharides, proteins). In contrast, bacteria in the large intestine play an important role in the 

degradation of indigestible nutrients, such as insoluble fibre.  

 

2.4 Homeostasis of the oxidative state 

A further imbalance in the body occurs when the production of reactive oxygen species (ROS) is not 

counterbalanced by the antioxidant defence, resulting in oxidative stress due to the increase in free 

radicals like superoxide anions. ROS can cause impairment of macromolecules, generating an 

increase in malondialdehyde (MDA), a marker of oxidative stress, and disturbances in protein and 

DNA synthesis, thus leading to cell and tissue damage (Zhu et al., 2013). Indeed, MDA is a byproduct 

of lipid peroxidation, the oxidative degradation of lipids within cell membranes. Elevated MDA levels 

indicate significant damage to cell membranes, which can impair cellular function and increase tissue 

inflammation (Bacou et al., 2021). Hao et al. (2021) showed the existence of a direct correlation 

between weaning and oxidative stress. Indeed, during the weaning period, there is a high increase in 

free radicals and a reduced degradation of these by antioxidant systems. ROS are molecules generated 

at the mitochondrial level during aerobic cell metabolism and their production is physiological. A 

homeostatic oxidative state occurs when the concentration of reactive oxygen is sufficient to 

counteract the proliferation of pathogenic bacteria, but not enough to trigger cell damage in the animal 

(Li et al., 2015). Indeed, a state of oxidative stress can be indicated by elevated ROS concentration, 

on the contrary, reduce or transitory quantity of ROS are signal for pathways involved in cell 

proliferation or survival (Zhu et al., 2012). Vitamin E and C, metabolites such as glutathione, enzymes 

such as superoxide dismutase (SOD), glutathione peroxidase, heme oxygenase, and catalase 

constitute the antioxidant system (Ma, 2013). Glutathione is an essential intracellular antioxidant that 

acts as a major detoxifying agent by neutralizing the ROS (Ribas et al., 2014).  A fundamental 

enzymatic antioxidant is represented by SOD. Indeed, SOD catalyses the dismutation of superoxide 

radicals into less reactive hydrogen peroxide (Yuan et al., 2007). Increased activity of this enzyme is 

indicative of a heightened response to oxidative stress, as the body attempts to neutralize excess ROS. 

Therefore, the presence of molecules and enzymes with antioxidant activity in the intestinal mucosa 

is identified as an indicator of oxidative stress.   
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3. Factors impacting gut development 

When speaking about gut health, is of major importance to first define it. Kogut and Arsenault 

(2016) gave the following definition: “absence/prevention/avoidance of disease so that the animal is 

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

stressors”. However, in a later publication, Pluske et al. (2018) define it as “gut health is more general 

and can be described as a generalized condition of homeostasis in the GIT, with respect to its overall 

structure and function”. In this context, general indicators for evaluating gut health in pigs may 

include efficient digestion and nutrient absorption, along with waste elimination; an operational and 

protective gut barrier; a stable and suitable microbial community; the effectiveness of the gut immune 

system; stress and neural pathways minimally activated or stimulated; and diseases’ absence. 

Together, these factors should enable the GIT to function optimally, supporting peak production 

performance. More broadly, gut health reflects the GIT's responses to its capacity to handle and adapt 

to the challenges it faces in maintaining homeostasis. 

However, since weaning process is characterised by drastic changes, it is interesting to deepen the 

knowledge about some of the condition that can exacerbate weaning’s negative outbreak on piglets’ 

gut health.  

 

3.1 Impact of birth weight on weaning transition 

It is well documented how birth weight is affected by parity and litter size (Akdag et al., 2009). 

Therefore, one of the consequences of the increasing litter size is the increase of the birth body weight 

variability, which is the repercussion of a higher number of piglets born with a low birth body weight 

(LBBW) (Beaulieu et al., 2010; Camp Montoro et al., 2020; Chen et al., 2021). Piglets are considered 

LBBW when their birth weight is less than 1.25 kg (Camp Montoro et al., 2020), it is, however, a 

matter of fact that 15 to 25% of piglets are born with a weight under 1.1 kg (Wang et al., 2017). 

Therefore, it is accepted to consider LBBW piglets born with a weight under 1 kg (Chen et al., 2021; 

Quiniou et al., 2002a). In addition, in litters with more than 16 piglets, it seems that the number of 

pigs born with a weight under 1 kg increase from 8% up to 23% (Quiniou et al., 2002a). The rise in 

the number of piglets born per litter represents a potential negative consequence on piglets weight, 

since the blood flow doesn’t follow the same increasing trend as the number of piglets born, therefore 

containing less nutrients available (Beaulieu et al., 2010; Chen et al., 2021; Quiniou et al., 2002). 

Moreover, the total quantity of colostrum is not dependent on the litter size, therefore, larger litters 

are more likely to ingest reduced or insufficient levels of colostrum (Declerck et al., 2017; Foisnet et 

al., 2010). Indeed, during the suckling phase, LBBW tend to ingest lower levels of colostrum and 
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milk, therefore acquiring less passive immunity which has a consequence decreased growth 

performance and higher mortality (Quiniou et al., 2002). Therefore, consequently, LBBW are 

characterised by decreased energy reserves, being more prone to the cold stress, given the fact that 

they are ingesting colostrum in a delayed time and are less able to reach the functional teats (Camp 

Montoro et al., 2020; Campbell et al., 2013; Michiels et al., 2013). Given the fact that this condition 

is related to higher pre-weaning mortality, diminished growth performance and lower meat quality 

(Beaulieu et al., 2010; Camp Montoro et al., 2020), is a consequence that birth body weight has a 

subsequent influence on weaning weight  (Quiniou et al., 2002). LBBW, moreover, are characterised 

by shorter villi, thinner intestinal mucosa, and increased intestinal permeability (Trevisi et al., 2023). 

These abruptions can be linked to an altered protein expression, since they have more protein related 

to apoptosis and proteins connected to oxidative stress, while, on the other hand, they have lower 

expression of protein with cell structure and absorption roles (Chen et al., 2021). Accordingly, 

delayed maturation of the GIT has negative impact on subsequent performance (Camp Montoro et 

al., 2020; Chen et al., 2021; Michiels et al., 2013). In addition, LBBW have reduced digestive 

capacity, condition that can later influence the feed intake of piglets (Hawe et al., 2020; Michiels et 

al., 2013). Disturbances in the GIT also affect the microbial diversity. Indeed, decreased levels of 

Firmicutes have been found in LBBW in the first week after birth in both pigs (Li et al., 2018) and 

humans (Zheng et al., 2015). On the other hand, they are characterised by decreased levels of 

Lactobacillus and Streptococcus (Li et al., 2018). These can explain the higher morbidity of LBBW, 

since a reduction of SCFA producing bacteria has been observed, possibly having as a consequence 

the reduction of the dietary fiber metabolization (Li et al., 2018). However, it seems that the lower 

performance parameters of LBBW are not merely connected to a physiological condition, since Hawe 

et al. (2020) found an increase in the relative growth of 1.6 times higher in LBBW compared to 

normal birth body weight (NBBW). Therefore, it can be hypothesized that their lower wight is just a 

consequence of their birth weight. Indeed, the adoption of specific management and diets for LBBW 

demonstrates to be effective as observed by Magowan et al. (2011) where improved growth 

performance were found in LBBW. 

 

3.2 Impact of weaning age on weaning transition  

Weaning piglets later in life permit them to adapt to solid feed, have more time to increase their body 

weight as well as develop in a more progressively way the GIT system (Kobek-Kjeldager et al., 2021).  

The most used strategy to increase weaning weights and enhance the performance of piglets after 

weaning is creep feed (CF). Indeed, its consumption stimulate the production of digestive enzymes 

associated with carbohydrate and protein digestion, providing tolerance to antigens present in the 
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post-weaning diet and habituating piglets to solid feed. Moreover, CF intake has also been associated 

with positive effects on gut morphology, cell proliferation and net absorption in the small intestine 

(Muns and Magowan, 2018). It can also influence the gut microbiota and its metabolite and support 

the development of the digestive system (Choudhury et al., 2021b). The efficacy of creep feed is 

closely related to several factors, including the amount of feed ingested (intake level), the dietary and 

nutrient composition, and the age of the animal. 

Indeed, piglets weaned at 21 days old are usually characterised by lower ability to digest compared 

to piglets weaned at 28 days (Ming et al., 2021) since their intake of CF is reduced compared to 

animals weaned later. Piglets that are weaned at 28 days do not show restrict, with the exception of 

the absolute absorption capacity, when referring to GIT or enzymatic growth. Therefore, at this age, 

piglets are relatively able to digest most of the energy and protein source, regardless distinct 

modification of both structure and function of the GIT (Pluske et al., 2003b). On the other hand, 

piglets weaned earlier are characterised by reduced feed intake and retarded GIT development 

(Leliveld et al., 2013; Miller et al., 2007), as well as they have lower capacity to overcome potential 

bacteria negative outcomes (Wellock et al., 2007). In particular, piglets weaned before 20 days of life 

are more prone to being subjected to diseases, showing more probability for the occurrence of 

diarrhoea, have higher acute stress related symptom and decreased immunity (Jamil E G Faccin et 

al., 2020; Salak-Johnson and Webb, 2018). However, according to Buchet et al. (2017), increased 

oxidative stress after weaning do not appear to be related to weaning age and, therefore, to piglets’ 

physiological age, but rather merely to the weaning transition. Moreover, Moeser et al. (2007b) 

confirmed how the age at which piglets are weaned significantly affects their intestinal barrier 

function after weaning, with later weaning helping to reduce weaning-related intestinal barrier 

deterioration. Weaning piglets early can lead to heightened intestinal atrophy and dysfunction, 

compromised mucosal barrier function, and trigger the intestinal bacterial composition (Xiong et al., 

2015). Since performance parameters are positively correlated to intestinal morphology, it is, 

therefore, a consequence that piglets weaned earlier, characterised by lower body weight, will also 

show retarded morphological features. Indeed, Ming et al. (2021) observed enhanced duodenal, 

jejunal, and ileal morphological aspects in piglets weaned at 28 days, compared to the group weaned 

at 21 days. Regarding performance parameters, Pluske et al. (2003b) observed how pigs weaned at 

28 days were heavier, and had heavier organs compared to piglets that were weaned at 14 days. 

However, if the organ weight was taken in consideration in relation to their body weight, piglets 

weaned earlier had actually higher organs relative weight. Studies found both how age at weaning do 

not have an impact on performance parameters when piglets are compared at the same physiological 

age (Ball and Aherne, 1987; Kornegay et al., 1979; Leibbrandt et al., 1975); and, on the other hand, 
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literature where it has been observed an increase in body weight related to increase weaning age 

(Fangman et al., 1996; Main et al., 2004). Accordingly to the first hypothesis, studies showed how 

the quality and quantity of nutrients presents in the post-weaning diets do not have an impact on the 

performance parameters of piglets weaned at different ages (Berrocoso et al., 2012; Leliveld et al., 

2013). Leliveld et al. (2013) found greater average daily gain (ADG) and feed intake (FI) in piglets 

weaned at 28 days, compared to the ones weaned at 14. It is, however, interesting to note that feed 

conversion rate (FCR) did not differ between the two weaning age categories, pointing to the 

hypothesis of the occurrence of digestive capacity limitations in the first period following weaning, 

independently from weaning age. Same results were also obtained by Ming et al. (2021), where 

piglets weaned at 28 days had higher ADG and FI compared to animals weaned at 21 days, however, 

Feed to Gain ratio (F:G) did not differ between the two groups. Indeed, this result could again confirm 

how the weaning transition impact negatively all piglets, regardless their age at weaning. Regarding 

bacteria populations, it seems that increasing weaning age merely postpones postweaning changes in 

the gut microbiome, without influencing the formation and stability of the microbial community 

(Holman et al., 2021). Higher counting of lactic acid bacteria were found in piglets weaned earlier 

(Leliveld et al., 2013), which could be related to the increased ingestion of lactose during the suckling 

phase. This is an important observation since these bacteria are considered beneficial for intestinal 

health. The higher presence of lactic acid bacteria also represents a positive impact since they are able 

to produce lactate, through fermentation, in order to produce gastric acidity. Indeed, this importance 

arises when, after weaning, piglets are able to produce just an insufficient secretion of HCl 

(Suiryanrayna and Ramana, 2015). Moreover, higher presence of E. coli was found in piglets weaned 

at three weeks compared to weaning at four weeks (Leliveld et al., 2013); as well as piglets weaned 

at 17 days were characterised by higher E. coli counts respect to piglets weaned at 24 days (Franklin 

et al., 2002). 

It is, therefore, of crucial relevance, understanding the physiological differences characterising 

different weaning ages condition in order to adopt strategies to alleviate the negative effects posed by 

the weaning transition. 

 

4. Physiological role of Zinc on pig 

Zinc (Zn) is an essential mineral for all organisms. In animal tissues, Zn concentration is second only 

to that of iron and is found in the eyes, liver, pancreas, bones, and skin (Osredkar, 2011). Deficient 

levels of this mineral can cause growth retardation, anorexia, skin hyperkeratosis, and parakeratosis 

of the oesophagus and are associated with a marked decrease in the ability of macrophages to 
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phagocytise and, therefore, to reduce the presence of pathogens (Gwaltney-Brant, 2013). The body's 

utilisation of Zn is influenced by the homeostatic regulation mechanism. If the body is in a deficient 

state, all of the supplied Zn is utilised, and vice versa, if the requirements are fulfilled, the amount of 

Zn utilised decreases (Graham et al., 2012). In the presence of stress or disease, or in the presence of 

inflammatory reactions, there is a significant drop in plasma Zn, followed by a rapid transport of the 

mineral from the bloodstream to the liver (Wessels et al., 2021). This is related to the importance of 

Zn in cell division, repairing of damages tissues, activation of immune response and its involvement 

in the cell protection from the oxidative state. Therefore, Zn is redirected from the plasma to immune 

tissues and inflammatory sites, contributing to the drop in circulating zinc levels. It is therefore useful 

that there is a constant and, more importantly, adequate average availability of Zn during the critical 

phases of the pig's life. Zn competitively interacts with the absorption of several elements, particularly 

iron, copper, and calcium. Indeed, it has been observed that an addition of 100 mg/kg Zn in the diet 

can result in a drastic reduction of copper levels in the liver. Eighty per cent of the Zn in the blood is 

contained in erythrocytes and its transport occurs rapidly (Sloup et al., 2017). A part is utilised for 

native metalloproteins and by membrane proteins, while the remaining part is either bound in cells to 

metalloproteins or is transported to the portal circulation (Revy et al., 2003). The liver contains less 

than 5% of the total Zn and plays a central role in the transfer and distribution of the mineral 

(Holodova et al., 2019). The pancreas, along with the liver and kidneys, are characterised by high 

turnover of Zn when administered in high doses (Davin et al., 2013). Therefore, it appears that the 

liver is capable of handling and storing high amounts of Zn in the diet, while the pancreas is 

considered the main route of Zn excretion in the GIT as a means of regulating Zn homeostasis 

(Osredkar, 2011). Zn contained in gastric, pancreatic, biliary, and intestinal secretions, in 

desquamation cells of the intestinal mucosa, and in saliva constitutes the endogenous component 

(Sloup et al., 2017). If the ingested Zn meets the animal's needs, pancreatic Zn secretion will be more 

abundant than biliary Zn secretion, whereas the opposite is true in the deficient animal (Brugger and 

Windisch, 2019). Zn is mainly excreted via the faecal route as unabsorbed dietary Zn and endogenous 

Zn. Urinary excretion, instead, represents a minor elimination pathway corresponding to 1-2% of 

total excretion (Revy et al., 2003). 

 

4.1 Zinc homeostasis  

Zn represent a fundamental role in many biological processes for animals and human organisms. It 

is, indeed, a basic co-factor for peptides, being involved in replication, transcription, and integrity of 

the DNA (Brugger et al., 2021). On the other hand, concerning regarding its toxicity are presented 
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when its concentration overcome certain values (EFSA, 2014). As a consequence, its physiology, 

intake, uptake, distribution, and excretion should be deeply studied and controlled within the 

organism. A sophisticated system of molecules regulates the production of specific Zn transport 

peptides, ensuring proper metabolic function even when diet and physiological conditions are 

modified, thus maintaining Zn balance in mammals. Until now, 24 Zn transporter have been detected 

and described, we’ve been able to compart them in solute carrier (SLC) belonging to family 30 (ZnT) 

and family 39 (ZIP). Among them, 14 ZIP and 10 ZnT transporter have been studied. The main 

transporter involved in the Zn regulation and transportation can be observed in Figure 2. 

 

Figure 2. Main mechanistic transporter involved in Zn regulation in mammals. (Image by the Author) 

 

As it can be observed in Figure 2, ZIP and ZnT are differing for their direction of Zn transport, 

position, as well as their mechanistic transport. Indeed, ZIP family transporter promote Zn2+ influx in 

the cytosol from the subcellular compartments or extracellular space (Rutter et al., 2016a). 

Meanwhile, ZnT transporter decrease the Zn2+ from cytosol in two possible ways: facilitating Zn 

uptake in subcellular compartments or excreting it in the circulation (Kelleher and Lönnerdal, 2005). 

In addition, differences between Zn transporters can be also observed about their specificity for 

tissues, as well as subcellular localization and different kinds of stimuli to which they respond 

(Hernández-Camacho et al., 2020). A study carried out by Liuzzi et al. (2004) concluded that a 

possible intestinal-pancreatic axis could be responsible for the action and abundance of some of the 

Zn transporter, particularly ZnT1 and ZIP4, both in the transcriptional and post-transcriptional stage 

in maintaining the Zn homeostasis in the organism. Research have identified the ZIP4 transporter 

position on the apical side of the enterocytes, meanwhile, ZnT1, particularly in the jejunum, on the 

basolateral side of the enterocytes (Cousins, 2013). In this sense, these two Zn transporters constitute 

the main active pathways for Zn transportation in the circulation. Deficient Zn dietary levels may, 
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indeed, stimulate a rise in the peptide synthesis, to which follow its exposition on the apical 

membrane. Vice versa, ZIP4 is endocytosed and the protein and its mRNA are degraded when the 

body is overloaded with Zn (Bowers and Srai, 2018). The level of ZIP4 mRNA in the enterocyte 

depends on changes in its stability and the activity of Kruppel-like-factor 4 (KLF4), which is 

influenced by the body's Zn status (Hsieh et al., 2019). Conversely, the expression of ZnT1 mRNA 

is influenced by the concentration of free cytosolic Zn2+, which activates metal-responsive 

transcription factor 1 (MTF1) as Zn2+ levels rise (Maret, 2017). Thus, ZnT1 gene expression doesn't 

reflect the body's Zn status but rather the levels of cytosolic Zn2+ in specific tissues (Hardyman et al., 

2016). Most of the body's natural Zn losses occur in the gastrointestinal tract, primarily through 

exogenous pancreatic secretions containing Zn-metallopeptides (Coni et al., 2021). The varying 

uptake of Zn in pancreatic acinar cells and its excretion back into circulation are regulated by ZIP5 

and ZnT1 activity at the basolateral membrane. During Zn deficiency, ZIP5-dependent uptake from 

circulation decreases while ZnT1 activity increases, likely to redistribute Zn to other tissues. Zn 

depletion and excess have the opposite effect (Brugger et al., 2021). A systemic Zn deficiency reduces 

ZnT2 abundance in the pancreas, leading to decreased Zn concentrations in these granules. 

Conversely, a systemic Zn overload triggers increased excretion of excess Zn into the gastrointestinal 

tract. The molecular adjustments observed in the intestine and exogenous pancreas reflect the 

organism's efforts to regulate gastrointestinal absorption and endogenous Zn losses during deficiency 

and excess, respectively (Maares and Haase, 2020). Subclinical Zn deficiency likely represents the 

most prevalent form of Zn malnutrition in both humans and animals (Brugger et al., 2021), yet it 

remains inadequately explored. Many in vivo studies investigating Zn's role in metabolism and 

nutrition featured control groups displaying symptoms of clinical Zn deficiency. However, under such 

conditions, the body's compensatory mechanisms, particularly the mobilizable Zn pools in the 

skeleton and soft tissues, become depleted. This leads to non-specific visible symptoms associated 

with Zn malnutrition (such as diminished growth performance, reduced feed intake, abnormalities in 

the development, necrosis of tissues), thereby increasing background noise in metabolic assessments. 

Furthermore, this state represents the culmination of metabolic adaptation to ongoing dietary Zn 

deficiency, potentially diminishing the value of measurements of Zn homeostasis mechanisms at the 

organismal level. 

 

4.2 Zinc requirements 

Given the crucial role of Zn in the development and maintenance of vital functions in the pigs’ 

organism, it is therefore essential to understand the mineral’s nutritional needs. It is also crucial to 

underline how the last Nutrient Requirements for Swine (NRC) publication dates to 2012, and it was 
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not updated since 1979, therefore it may not accurately reflect the modern needs of the current 

genetics. In addition, the NRC recommendations are not calculated based on dose response trials, but 

rather on estimation (Hansen et al., 2022).  

In first instance, it is necessary to clarify the methodologies used to evaluate the piglets’ Zn 

requirement. These, since the 90s, are represented by the assessment through bone and blood Zn 

concentration since their level respond linearly to Zn intake, declining when reaching the 

requirements (Revy et al., 2006). Studies in human proposed also a linear correlation between 

performance parameters, such as body weight and growth rate and level of Zn administrated, leading 

to the possibility of  considering growth parameters for Zn requirements (King et al., 2016). 

In NRC (2012), it was established that the requirements for piglets ranging from 5 to 11 kg were 

between 26.6 and 46.8 mg/day. However, as already highlighted, this interval may not reflect the 

current piglets’ needs. In the scenario Zn deficiency status, which has negative outcomes, particularly 

during weaning transition. Some of the symptoms are observed by diminished feed intake, reduced 

performance parameters, increased diarrhoea, and weaken immune system (Salgueiro et al., 2000). 

Furthermore, the piglets’ organism may also display another condition, with less negative 

consequences than deficiency, represented by subclinical Zn deficiency. According to Brugger et al. 

(2014), this state is manifested by a reduction in the Zn concentration in serum when piglets are fed 

a diet containing <58 mg Zn/kg, therefore a level considered optimal according to NRC (2012) 

recommendations. In the authors’ opinion, this insufficient state would transform into clinical 

deficiency in about ten days due to the exhaustion of Zn storage in the organism. Another point of 

view was given by Revy et al. (2006) where piglets were fed different levels of zinc sulphate (ZnSO4) 

with or without the addition of phytase. According to their results, based on performance parameters 

as well as plasma, liver, and bone Zn concentration, and alkaline phosphatase (AP) activity, the 

minimum requirement for piglets during weaning transition is between 86 and 92 mg Zn/kg per BW, 

therefore, higher than the NRC requirements. Furthermore, according to the authors, considering the 

maintenance of a “safety margin”, as well as taking into account even a minimal phytase activity, a 

weaned pig diet should be formulated with around 100 mg Zn/kg. In addition, Hansen et al. (2022), 

in a dose response trial, based on the daily feed intake of piglets in the first two weeks after weaning, 

observed the impossibility of reaching the Zn intake NRC recommendation. Indeed, they have noted 

an average feed intake under 300 grams per day during the first week post weaning, thus leading to 

the incapability of reaching the requirements. Consequently, according to Hansen et al. (2022), the 

Zn requirements for piglets during the weaning transition should be elevated roughly nine times 

compared to the NRC recommendations.  
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Taking the dose response studies results, it can therefore be hypothesised that the current Zn 

recommendation for weaned piglets should be revised and adapted to the current genetics to fulfil 

entirely their physiological needs. Indeed, the gap between the NRC recommendation and the 150 

mg/kg allowed in the European Union can be reflected as the uncertainty about the extent of Zn 

utilization and the factors influencing it. 

 

4.3 Zinc bioavailability 

It is first essential, before discussing the subsequent subject, to define what bioavailability is. 

Windisch (2001) defined it as “Zinc bioavailability is defined as the maximal Zn utilization for the 

biological functions in the metabolism, based on the amount of ingested Zn”, definition that was later 

adopted also by Schlegel et al. (2013). In a later study, Schlegel and Windisch (2006) defined it as 

the highest rate of a true Zn absorption, which can only be assessed in an insufficient level of dietary 

Zn, multiplied by the maximum metabolic rate. Furthermore, Ma et al. (2021), consider 

bioavailability as “the proportion of the ingested nutrients being absorbed and available for use or 

storage”.  

During the years, the research on the bioavailability of different sources of Zn gained more interest. 

Zn sulphate, along with Zn oxide, is the most widely utilized sources of Zn in pig nutrition. ZnSO4 

has often been employed as standard for assessing the various Zn sources bioavailability. Indeed, this 

Zn source bioavailability was set at 100% (Ma et al., 2021). However, this soluble form of Zn can 

more easily react with phytates and other molecules in the gastrointestinal tract, leading to reduced 

Zn absorption (Lönnerdal, 2002; Windisch, 2002). Indeed, since pigs’ diets are mainly composed by 

cereal and seeds’ oil, the raw material Zn content is usually low, primarily because of the high levels 

of phytate, which interacts, forming stable bonding with minerals characterised by divalent cations, 

inhibiting their absorption in the GIT (Paulicks et al., 2011). Schlegel and Windisch (2006) found an 

increase in bioavailability of 16% higher of Zn-Glycinate compared to ZnSO4 when administrated at 

the same level. The authors explained the difference connecting the bioavailability to the interaction 

between Zn and dietary ingredients, linking the interaction also to the Zn chemical form. Moreover, 

Schlegel et al. (2010) observed, in the proximal duodenum of post-weaning piglets, a diminished 

solubility in the use of ZnSO4 when compared to both Zn-Glycinate and Zn from feedstuff. In 

addition, Rupić et al. (2004), observed increased bioavailability of Zn from Zn-methionine in respect 

to ZnSO4, even when the latest was administrated at the double of the dose respect to the organic 

form. Indeed, the various chemical structures and properties of Zn chelates forms, which are more 
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stable Zn sources, can shield Zn from interacting with other minerals and feed components in the GIT 

(Yu et al., 2017), enhancing their absorption (Yue et al., 2015). In addition, some of the organic 

sources of Zn can be absorbed intact from the intestine (Yu et al., 2017). In Schlegel et al. (2013) 

meta-analysis, organic Zn sources bioavailability resulted from 85% to 117% higher compared to 

inorganic forms. Indeed, Ma et al. (2021) observed increased bioavailability with a chelate form of 

Zn, when compared to ZnSO4, of 110.9% and 149% in liver and pancreas, respectively. The same 

trend was also noted by Cao et al. (2000), in whom trial the administration of a polysaccharide 

chelated form of Zn resulted in a higher bioavailability of 113% and 110% in pancreas and liver, 

towards ZnSO4. Zhang and Guo (2007), who set the bioavailability of ZnO at 100%, therefore using 

this source as reference, observed an increase in the bioavailability of a tetrabasic Zn chloride source 

ranging from 122% to 159%. However, inconsistent results regarding the different bioavailability 

between organic and inorganic forms of Zn can be found. Indeed, Case and Carlson (2002) did not 

observe differences in Zn concentration of urine, faeces, plasma or tissue between the administration 

of a chelated and ZnO forms, leading the authors to the hypothesis that no variation of bioavailability 

of the two Zn sources. Moreover, Nielsen et al. (2022), in a study comparing ZnO, ZnSO4, three 

organic Zn forms (Zn-Glycinate, amino acid chelate Zn, and hydroxy covalent-bound Zn), and a 

potentiated form of ZnO, the inorganic forms did not showed lower bioavailability compared to the 

organic ones. 

Considering all the outcomes presented above, it is therefore necessary to further investigate the 

bioavailability of the different forms of Zn, with the long-term purpose of focusing on a more targeted 

mineral nutrition. Indeed, it is important that the source given to post weaning piglets is able to cover 

both a local effect as maintaining and improving GIT mucosa function and integrity, positively 

modulating the microbiota, and influencing the gut immune response. On the other hand, it is also 

necessary a systemic effect, influencing the antioxidant status, cells proliferation and growth 

performances, as well as in regulate the endocrine system.  
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5. Aim of the thesis  

The main aim of the present thesis was to elucidate the effect of different sources of Zn administered 

in post-weaning piglets’ diets at the EU authorised level. Indeed, following the new directive 

regarding the use of zinc to overcome the negative consequences of weaning, we focused on the 

search for possible alternative sources of zinc that, administered at the dose authorised in the EU, 

could be viable substitutes to the use of pharmacological zinc. In particular, in the literature, 

promising results were observed with the usage of a porous form of ZnO, which is characterised by 

small aggregate and agglomerated particles, with high specific surface area, leading to the possibility 

of reaching the small intestine in an unaltered form.  

 

5.1 Aim and hypothesis of the first manuscript 

From this manuscript, the general hypothesis was that the administration of Zn, particularly ZnO, is 

dose dependent. Indeed, from the literature it is possible to observe how the majority of the positive 

effects of ZnO are achievable just with the pharmacological dose. Moreover, it was hypothesised that 

feeding pigs challenged with potential pathogen bacteria with ZnO could help them in the recovery 

after the inflammation process. In addition, for the third database, it was hypothesised that the 

administration of Zn in different forms, even at EU authorised level, could be a substitute of the 

pharmacological dose of ZnO in alleviating the weaning-related negative effects.  

The first step of the thesis was to perform a meta-analysis and a systematic review in order to better 

understand the mode of action of the common form of Zn administered in piglets after weaning, 

therefore ZnO, as well as different Zn sources (Luise et al., 2024). Particularly, the three different 

databases had diverse aims. The ZnO level dataset had as aim the gaining of insight into the impact 

of varying doses of ZnO on intestinal health status, growth performance, bacteria composition and 

gene expression in piglets after weaning; the challenge dataset focused on the positive effects of the 

administration of ZnO in piglets tested under challenge model (mainly ETEC); Finally, the special 

Zn dataset aimed to assess the effect of different Zn sources was compared to high doses of ZnO.  

 

5.2 Aim and hypothesis of the second manuscript  

Based on the literature regarding the porous form of ZnO’s positive effects, in the second manuscript 

we hypothesised that it’s administration could help in enhance the intestinal health status and in 

promoting intestinal integrity, particularly in LBBW piglets. Indeed, since the LBBW pigs suffer a 

greater negative impact at weaning, with also diminished intestinal development, especially in the 
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small intestine, it can be hypothesised that the administration of porous form of ZnO could benefit in 

their development, reducing the physiological gap between LBBW and NBBW piglets. 

Indeed, the aim of this manuscript was to compare the effect of ZnSO4, which is the most used source 

of primary Zn, or a porous source of ZnO, characterised by small aggregates, agglomerated particles, 

and an improved surface area, which differed in their solubility, on the gut health status of low and 

normal birth body weight piglets from weaning until three weeks post-weaning. 

 

5.3 Aim and hypothesis of the third manuscript 

The hypothesis of the third trial was based on the equal high solubility of the porous form of ZnO and 

Zn-Glycinate compared to ZnSO4. Indeed, these forms could have beneficial effects on the intestinal 

physiology of early weaned piglets, since these animals are characterised by reduced intestinal 

integrity, through their beneficial effect on the intestinal health status. 

Following the trend of the first trial, in the second study piglets differing for their weaning age were 

selected. Three forms of Zn were selected, particularly a porous form of ZnO, Zn-Glycinate, and 

ZnSO4. Indeed, the porous form of ZnO, alongside with Zn-Glycinate, thanks to a high solubility can 

be more effective than ZnSO4, especially in the benefit of early weaned piglets' intestinal physiology, 

reducing the physiological gap between early and normal weaned piglets by improving the intestinal 

integrity. Therefore, the aim of the present study was to determine the effect of a porous form of Zn, 

alongside with Zn-Glycinate, compared to an inorganic (ZnSO4) form of Zn on performance, health 

status and intestinal mucosal morphology and inflammatory status in piglets differing for their 

weaning age. 

 

5.4 Aim and hypothesis of the fourth manuscript 

In summary, due to the large bibliography on the positive effects of the pharmacological level of 

ZnO, we hypothesised that the administration of a high dose of ZnO could have a positive impact on 

the growth performance, as well as on the intestinal status of post-weaning piglets. Moreover, 

promising results were also observed with the use of a porous form of ZnO, therefore leading to the 

hypothesis that feeding piglets with lower doses of this source of Zn could represent a valid strategy 

to reduce the ZnO levels, through its positive impact on intestinal health.  

The aim of this trial was to gain deeper knowledge about the substitution of pharmacological dose of 

ZnO, by feeding post-weaning piglets with lower levels (150 and 300 mg/kg) of a porous form of 
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ZnO characterised by a dual effect: both local (mainly on the small intestine integrity) as well as 

systemic.  
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Experimental studies  
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Abstract 

In the European Union, the withdrawal of pharmaceutical zinc oxide (ZnO) poses challenges for post-

weaning pigs management. The present work aims to elucidate, using a meta-analytical and a 

systematic review approach, the effects of different doses and forms of zinc (Zn) on health, 

performance, and gut health of weaning pigs.  

A total of 309 articles were identified from a literature research from 2001 to 2021; 85 were selected. 

Articles were divided in 3 datasets to evaluate: 1) the effects of ZnO doses (ZnO database); 2) the 

efficacy of ZnO on infection models (challenge database); 3) the effect of different Zn sources 

(special Zn database). The experimental groups were classified according to their Zn dose: low Zn 

(LZn: 0-200 ppm); medium (M1Zn: 201-630 ppm; M2Zn: 631-1600 ppm); high (HZn:>1601 ppm). 

Dataset 2 and 3 were analysed by a systematic review approach.  

Results showed that M1Zn and M2Zn guarantee comparable average daily gain, villus height and 

crypt depth to HZn. The HZn group had higher Escherichia coli (P=0.04) in the small intestine. The 

ZnO database confirmed that Zn doses between 600 and 1600 ppm had comparable results for 

intestinal function and growth performance to pharmacological doses of Zn. The challenge dataset 

confirmed the positive effect of HZn in counteracting infections resulting in higher performance, 

lower diarrhea and better intestinal morphology. The special zinc dataset suggested that coated, 

capsulated and nano Zn represent the most promising alternative sources to reduce the detrimental 

effects of weaning on pigs.  

 

Keywords: ZnO, pigs, special Zn forms, challenge  
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Highlights:  

• EU ban on pharmacological levels of ZnO raises concerns in pig production; 

• Data indicates Zn's effect is dose-dependent, but also Zn form influence the effectiveness; 

• Gut functionality and growth can be guaranteed with 600-1600 ppm of ZnO; 

• Coated, capsulated and nano Zn are promising sources to reduce the Zn doses. 

 

Introduction 

Weaning is one of the most stressful events in the life of pigs and is characterized by changes in the 

gut morphology and gut microbial ecosystem that can lead to post-weaning diarrhoea (PWD) 

(Campbell et al., 2013c). Until June 2022, zinc oxide (ZnO) was used in the European Union (EU) at 

a pharmacological dose (2.5 g/kg) to prevent PWD occurrence in weaned pigs (Looft et al., 2012). 

The use of high dose of ZnO in pig diets began in the 1980s at doses above 2500 ppm (Bonetti et al., 

2021). ZnO supplementation in diets can generally result in a lower incidence of diarrhoea, lower 

mortality, improved growth performance, digestion and feed intake in postweaning pigs (Bonetti et 

al., 2021a). However, the strong correlation between the use of pharmacological ZnO in pig diets and 

accumulation of zinc (Zn) in the environment (Meyer et al., 2002; Buff et al., 2005;) led the European 

Commission to ban the use of high doses of ZnO in feed. In addition, the evidence of the synergy 

between antibiotic and pharmacological ZnO in the co-selection of bacteria resistant to 

antimicrobials, posing a potential threat to human, animal and global health, supports the EU decision 

(Schwarz and Chaslus-Dancla, 2001; Broom et al., 2006;). Finding new alternatives to antibiotics and 

pharmacological ZnO levels is therefore essential to maintain the efficacy of current antimicrobials 

and to reduce Zn accumulation in the environment.  

However, in order to define and develop feeding strategies capable of effectively replacing 

pharmacological levels of ZnO, an understanding of its mode of action is still required. Indeed, Zn is 

an important micronutrient which is involved in a large number of physiological processes in animals 

and it is involved in the synthesis of more than 300 enzymes which are related to gut growth and 

immune function (Bonetti et al., 2021b). In fact, Zn is important for the maintenance of intestinal 

barrier function, as it aids in the regeneration of damaged epithelial tissue (Alam et al., 1994; 

McDonald, 2002; Siddiqi et al., 2018) and the rise of brush border enzymes (Sloup et al., 2017b). A 

deficiency in Zn leads to the villi atrophy in the jejunum, a reduction of the number of villi per unit 

area and, thus, a reduction in the absorptive area and secretion of digestive enzymes (Castillo et al., 

2007; Jung M. Heo et al., 2013).   
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Nowadays, in the EU, up to 150 ppm of Zn is allowed in the pigs' diet, which is higher than the 

defined requirements for weaned pigs as reported by Revy et al. (2006), whom analysed performance 

parameters as well as liver, bone and plasma Zn concentrations, and NRC (2012). However, 

according to a recent study by Hansen et al (2022), the requirement for the first two weeks is 1400 

ppm. Considering the European diets, an average amount of 30-40 ppm of Zn is provided with the 

feed ingredients (Blaabjerg and Poulsen, 2017). Therefore, regardless the EU restriction, there is room 

to cover this gap with multiple Zn sources. 

For this reason, inorganic and organic Zn sources, included in the diet at lower doses, were evaluated. 

Regarding the inorganic source of Zn, Zinc sulphate (ZnSO₄) has been used as a primary nutritional 

source in the feed for a long time (Villagómez-Estrada et al., 2020), thanks to its good solubility in 

the gut and further systemic effect. Regarding the organic sources of Zn, Zn methionine (Zn-Met) 

and Zn glycine (Zn-Gly) have been evaluated (Hudson et al., 2005; Huang et al., 2007;) and have 

been found to positively impact the animal growth performance (Hudson et al., 2005; Huang et al., 

2007; Diao et al., 2021) and immune status (Ao et al., 2009; Feng et al., 2010) when compared with 

inorganic Zn sources. More recently, additional sources of Zn including coated, capsulated, 

microencapsulated, porous or high surface Zn forms were investigated showing some promising 

results (Vahjen et al., 2016; Long et al., 2017; Dong et al., 2019; Liu et al., 2020; Cui et al., 2021). 

However, a systematic approach revising the effects of these Zn sources as compared to 

pharmacological doses of ZnO is still not available.   

A systematic literature review followed by a meta-analytical approach represent a valid method to 

overcome the uncertainty of the results observed in different studies and to help understanding the 

mode of action and the effects of pharmacological ZnO levels and different Zn sources. To the 

authors' knowledge, only one meta-analysis regarding the effect of ZnO in post-weaning pigs has 

been carried out but it was mainly focusing on the performance parameters (Sales, 2013). Regarding 

the novel Zn forms, a recent review of Lei et al. (2022) is available, however, the objective of this 

review was to analyse the effect of Zn as a growth promoter in monogastric animals without focusing 

the attention on the gut health in post-weaning pigs (Lei et al., 2022). Therefore, the aim of the present 

study was to improve the knowledge regarding the effect of the use of Zn at different doses and forms 

on the health, productive performance, and gut health of post-weaning pigs. The first approach 

adopted was to use a systematic review methodology; when enough studies were found, a meta-

analytic approach was applied.    
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Materials and methods 

Data collection and datasets creation 

A systematic literature review was carried out using peer-reviewed articles published between 2001 

and 2021. The online databases Web of Science and Google Scholar were used to search for scientific 

peer-reviewed articles by combining the keywords: “zinc”, “piglets” and/or “pigs”. A total of 309 

articles were found. Once collected, only the articles fulfilling the following criteria were retained: a) 

include in-vivo swine studies with a control group with at most 200 ppm of Zn (LZn group), b) 

published in English and c) reporting at least one parameter regarding growth performance, gut 

integrity, gut microbial population, blood parameters related to health, and genes expression. The 

meta-analysis, reviews and duplicate articles were excluded. The experimental groups included in the 

studies were classified into four Zn level classes as follows: 1) Low Zn (LZn) when total Zn in the 

feed formula was included between 0 ppm to 200 ppm; 2) Medium dose 1 (M1Zn) when Zn was 

included between 201 ppm to 630 ppm; 3) Medium dose 2 (M2Zn), when Zn was included between 

631 ppm to 1600 ppm; 4) High Zn (HZn) with Zn levels from 1601 ppm to 3000 ppm. For some of 

the parameters analysed, a low number of studies were including the M1Zn and M2Zn groups; 

therefore, the M1Zn and M2Zn groups were merged into the MZn group (201 ppm to 1600 ppm) 

when < 3 studies were available.  

All the response data regarding pigs were expressed as relative to the LZn group within each study 

as follow:  𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑑𝑎𝑡𝑎 = (
𝑣𝑎𝑙𝑢𝑒𝐿𝑍𝑛−𝑣𝑎𝑙𝑢𝑒𝑇𝑅𝑇

𝑣𝑎𝑙𝑢𝑒𝐿𝑍𝑛
) × 100 (Luise et al., 2021a). 

ValueLZn: specific value of the LZn group 

ValueTRT: specific value of the M1Zn, M2Zn or HZn groups. 

The retained articles were then used to build three different databases:  

1) ZnO level dataset: this dataset had the aim to gain a better understanding of how different doses of 

ZnO can affect the growth performance, health status, intestinal morphology, microbiology, and gene 

expression (tight junctions and cytokine) of weaned pigs. For this dataset, studies including a group 

in which the control group had other external elements such as probiotics or amino acids were 

removed. The ZnO level dataset included 41 studies; in these studies, the average initial age of pigs 

was 25.2 ± 4.8 days, the initial body weight (BW) was 7.42 ± 1.58 kg, and the average experimental 

duration of the in vivo trial was of 20.3 ± 10 days. This dataset was used to carry out a meta-analysis.  

2) Challenge dataset: this dataset included only the studies in which ZnO was studied under a 

challenge infection model in post-weaning pigs. The Challenge dataset included 8 studies and the 
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most common challenge model was with the enterotoxigenic Escherichia coli (ETEC) F4 followed 

by Salmonella and Transmissible Gastroenteritis Virus (TGEV). In these studies, the average initial 

age of pigs was 25.9 ± 2.9 days, the initial BW was 7.05 ± 0.67 kg, and the average experimental 

duration of the in vivo trial was of 21.6 ± 8.5 days. The results of this dataset were presented as a 

systematic review.  

3) special Zn dataset: this dataset had the aim to highlight the main output of the use of different Zn 

sources, compared to HZnO doses, on the intestinal health of weaned pigs. The special Zn dataset 

included 36 studies. In these studies, the average initial age of pigs was 25.8 ± 6.5 days, the initial 

BW was 7.7 ± 1.79 kg, and the average experimental duration of the in vivo trial was of 22.4 ± 8.6 

days. The results of this dataset were presented as a systematic review. The reason behind this 

approach is the lack of articles for each specific source of Zn.  

 

Statistical analysis 

Statistical analyses were carried out using the Minitab8 software (MINITAB®). The analyses were 

performed using a General Lineal Model and ANOVA model, considering the Zn level-doses (LZn, 

M1Zn, M2Zn, HZn) as fixed factor, the research study as random factor and the basal Zn (Zn included 

in the diet derived from the raw materials) as covariate. Pairwise comparisons for the one-way 

ANOVA model were then carried out between the groups. Growth performance, including average 

daily gain (ADG) and gain to feed (G:F), intestinal morphological parameters including villus height, 

villus width and crypt depth, Zn concertation in blood and liver, intestinal and faecal concertation of 

Escherichia coli (E. coli) and Lactobacillus, and intestinal expression of genes related to intestinal 

barrier and integrity and inflammation including Zonulin-1 (ZO-1), Occludin (OCLN), Interleukin-1 

beta (IL-1β), Tumor necrosis factor (TNF-α), Interferon gamma (IFN-γ) and Transforming growth 

factor-β (TGF-β) were analysed as response parameters. For the intestinal morphology analysis, the 

intestinal tract segment (duodenum, jejunum, and ileum) was tested as factor, but it was never found 

significant.   
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Results and Discussion 

ZnO levels dataset  

Effect of different doses of zinc oxide on growth performance and Zn concentrations in organs 

Table 1 shows the results of the different ZnO levels on the growth performance and Zn content in 

the blood and liver of post-weaning pigs. The Zn level classes significantly influenced the ADG 

(P<0.001), G:F (P=0.02), and the concentration of Zn in the blood (P=0.003) and liver (P=0.01). In 

particular, significantly higher ADG values were found in M2Zn and HZn groups compared with the 

LZn group (P<0.05), while no difference was observed comparing the M1Zn with the other groups. 

G:F was significantly higher in the HZn group compared with LZn group (P<0.05).  

Several studies have reported positive effects of pharmacological level of ZnO (3000 mg kg-1) on the 

growth performance of weaned pigs (Carlson et al., 1999; Lei and Kim, 2018; Hansen et al., 2022), 

but studies focused on defining an optimal dosage are scarce. A previous study by Hill et al. (2001), 

conducted in nine university research facilities with 1,978 weaned pigs, reported that the ADG 

linearly increase with the inclusion of Zn from 200 ppm until reaching a plateau point around 1500-

2000 ppm concentration. Comparable results were observed by Zhang and Guo (2007), in which 

study reported that the ADG and ADFI of pigs did not change when dietary Zn increase from 2250 

to 3000 mg/kg diet. In accordance with these results, the present meta-analysis showed that a dosage 

between 201 and 1600 ppm can give comparable ADG results to dosages comprised between 1601 

and 3000 ppm. On the other hand, a study conducted by Mavromichalis et al. (2000) found that a 

linear increase in ADG can be found in up to 3,000 mg Zn/kg diet. Differences observed in these 

studies can both be linked to different environmental and management conditions as weaning age, 

since Zn level can be more effective in pigs weaned earlier (Hill et al., 2001). 

The blood Zn concentration was higher in the HZn group compared to the LZn group (P<0.05), while 

the M1Zn group had intermediate values compared to LZn and HZn. This result indicated that Zn 

values in the blood are proportional to the dose of Zn in the diet. Similarly, the concentration of Zn 

in the liver increased with the increasing concentration of Zn level in the diet (P<0.05). Due to the 

lack of the medium group, it was not possible to estimate whether the effect is linearly increased or 

not. This result is in accordance with the literature, confirming that the Zn concentration in the liver 

is directly proportional to the addition of Zn in the diet (Jensen-Waern et al., 1998).   
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Effect of different doses of zinc oxide on the intestinal morphological parameters and gene 

expression 

The correct and timely development of the small intestine is fundamental for the proper digestive and 

immune function (Adewole et al., 2016). After weaning, pigs are subjected to changes in the gut 

morphology as crypt hyperplasia and villous atrophy, which lead to a temporary diminishment of 

absorption and digestion in the small intestine (McDonald, 2002). The results of the present meta-

analysis showed that the Zn level classes significantly affected villus height (P=0.004) and villus 

width (P=0.003), while no effect was observed on crypt depth (Table 2). The HZn group had higher 

villus height and villus width values compared with the LZn group (P<0.05), while no differences 

were observed between HZn and MZn for the villus height. The beneficial role of ZnO in maintaining 

the intestinal integrity and increasing the absorptive capacity of the intestinal mucosa is well known 

and it is one of the main mechanisms behind the beneficial effect of Zn on growth performance 

(Roselli et al., 2003; Pearce et al., 2015). No clear or univocal explanation for the results obtained 

can be found in the literature; it could be speculated that the beneficial effect of HZnO on the height 

of the intestinal villi could be related to the antibacterial activity of ZnO (Söderberg et al., 1990; 

Roselli et al., 2003), to the promoting effect that ZnO has on increasing insulin-like growth factor-1 

levels in blood and intestinal ghrelin secretion in post-weaning pigs, which may result in stimulation 

of the mucosal growth (Carlson et al., 2004; Li et al., 2006; Yin et al., 2009). An additional mode of 

action by which HZnO can improve the intestinal villi is via reduction of the intestinal inflammation 

and particularly modulating the mitogen-activated protein kinase (MAPK) signalling pathway 

(especially the p38 and JNK signalling pathways) which, in turn, regulate the cytokine levels (Song 

et al., 2015). Furthermore, it has been suggested that HZnO can also regulate and restore intestinal 

permeability via modulation of the tight junction (TJ) proteins (Pié et al., 2004; Al-Sadi et al., 2009). 

The results obtained in the present meta-analysis for the expression of the genes related to intestinal 

inflammation and TJ proteins highlight the role of ZnO in these aspects. Indeed, as reported in Table 

2, the level of ZnO significantly influenced the intestinal expression of IFN-γ (P=0.01), which was 

higher in LZn group compared with HZn and tended to influence the expression of TNF-α (P=0.09). 

Furthermore, the level of ZnO significantly influenced the intestinal expression of ZO-1 (P<0.01), 

which was higher in the HZn group compared with the LZn group (P=0.01) and tended to influence 

the Occludin expression (P=0.06). The Interferon Gamma is a pro-inflammatory cytokine mainly 

generated by lymphocytes and antigen-presenting cells (Schroder et al., 2004), and it can work in 

tandem with the cytokine TNF-α and cause structural alterations of the TJ (Roselli et al., 2003). Pro-

inflammatory cytokines including IFN-γ and IL-1β are usually upregulated in the intestinal mucosa 

of pigs immediately after weaning (Pié et al., 2004), and an excess in their upregulation can negatively 
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impact the intestinal integrity, causing a pathological weakening of the TJ barrier and increase gut 

barrier vulnerability (Al-Sadi et al., 2009). The results of the present meta-analysis confirm the 

capacity of high levels of ZnO to reduce pro-inflammatory cytokines, including INF-y, while no clear 

effect was observed on anti-inflammatory cytokines. With regard to TJ proteins, the results suggested 

a primary role for high levels of ZnO on ZO-1 expression. The ZO-1 is one of the major intracellular 

located adaptor proteins that, together with Claudins, play a key role in regulating the flux of small 

molecules (pore pathway). It also has a synergistic relationship with Occludin, which regulates the 

flux of large molecules (leak pathway) and the intestinal permeability (Tajik et al., 2020). 

Furthermore, the present meta-analysis highlights a lack of information regarding the effect of Zn on 

the TJ, notable by the low number of studies available for these parameters, therefore additional 

research on these aspects would be desirable. 

 

Effect of different doses of zinc oxide on the intestinal bacterial abundance of post weaning pigs 

It is widely reported that ZnO can modulate the bacteria population and exert antibacterial activity, 

therefore, in the present meta-analysis, the effect of the different doses of ZnO was investigated on 

E. coli and Lactobacillus population as main markers for detrimental and beneficial bacteria, 

respectively (Bonetti et al., 2021b). The results showed no effect of ZnO level of E. coli and 

Lactobacillus abundance in the faeces and large intestine, while it significantly affected the 

abundance of E. coli and Lactobacillus in the small intestine (Table 3). The abundance of E. coli was 

higher in the HZn group compared with the LZn (P=0.04), and the abundance of Lactobacillus was 

highest in the LZn group compared with the HZn group (P=0.05). The enhanced E. coli presence in 

HZn group could be explained by one of the hypothesised modes of action of Zn on the intestinal 

eubyosis. Indeed, it has been suggested that Zn can induce a decrease of the secretory capacity of the 

small intestinal epithelium, limiting the adherence of bacteria (Zhang et al., 2019), which may have 

altered the commensal bacteria favouring the colonisation of the gut by the E. coli. Moreover, the 

effect of ZnO on the gut microbiota could also be indirect and due to a modulation of the interaction 

between potentially pathogenic bacteria and the host (Carlson et al., 2004). However, considering the 

overall results of the present meta-analysis, the high abundance of E.coli and the reduced abundance 

of Lactobacilli due to ZnO supplementation would not necessarily imply an increase in the 

inflammatory processes but could be explained by an improvement in the pigs' tolerance to E. coli 

colonisation (Fairbrother et al., 2005). In fact, according to our results on gene expression and 

morphological parameters, an increase in abundance in E. coli does not seems to be related to 

inflammatory processes or to disruption of intestinal functionality. Studies with results in agreement 
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with ours (Roselli et al., 2003; Fairbrother et al., 2005; Hu et al., 2014) and with opposite results (Shi 

et al., 2019) can be found.  

Overall, the present meta-analysis has first highlighted that there is a lack of studies which have 

evaluated the effects of intermediate doses of Zn (200-600 ppm) on the main parameters related to 

intestinal health. However, it allowed to confirm that averagely high doses of Zn (600-1600 ppm) 

were able to lead to equally positive results for intestinal function (villus height) and growth 

performance compared to pharmacological doses of Zn. Furthermore, the present meta-analysis 

highlighted the potentially negative effect of pharmacological doses of Zn on the abundance of 

considered positive bacteria such as Lactobacilli, suggesting that there are other modes of action that 

could explain the positive effect of ZnO, especially administrated at higher doses, on intestinal health. 

It should also be emphasised that it is not possible to draw robust conclusions from observations 

based only on the abundance of Lactobacilli and E. coli, as the microbial population inhabiting the 

gut is very large and diverse, and further studies based on NGS technology will be helpful in the 

future. 

 

Challenge database 

The challenge models (infecting the pigs with specific pathogens, rearing them under stressful 

conditions), are considered a valid strategy to stress the tested dietary solutions, resulting in 

observations which would be more close to field situations (Luise et al., 2019). Therefore, different 

challenge models have been used; and one of the most used is based on ETEC F4 and F18 infection 

in weaning pigs (Luise et al., 2019). Indeed, among the studies identified with the systemic review, 

six out of eight studies were using the infection with ETEC F4 as main pathogen, one study infected 

the pigs with the Salmonella enterica Serovar Typhimurium DT104 and one study infected the pigs 

with TGEV.  

The results of the systematic review regarding the effect of the ZnO levels on the performance, health 

and intestinal health under challenge situations are reported in Table 4. The results of LZn and MZn 

were reported in comparison with the HZn levels (2500-3000 ppm). 

Overall, it can be observed that the LZn dose did not achieve similar results compared to HZn, indeed, 

except in two studies performed by Mazzoni et al. (2010) and Han et al. (2018) in which the BW, 

ADG and ADFI were similar to the ones of the HZn groups (2500ppm of ZnO in both studies), the 

other studies suggested that the LZn doses, under challenge condition, reduced the performance 

parameters of pigs. Less studies investigated the effect of MZn compared with HZn. According to 
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the study of Stensland et al. (2015) lower BW, ADG and ADFI were observed in pigs receiving 220 

ppm of Zn compared with pigs receiving HZn dose (3000 ppm ZnO), while the study of Lei and Kim 

(2020) suggested that results similar to the pigs fed with HZn (2500 ppm ZnO) can be obtained using 

Zn doses between 500 and 1000 ppm.  

Considering the health parameters, and especially the diarrhea and faecal score data, the systematic 

review suggested that both LZn and MZn were not able to archive similar results of the HZn dose. 

Those results confirmed the positive effect of the addition of pharmacological level of ZnO in 

reducing the incidence of diarrhoea, even in challenged animals.   

However, it is interesting to note that in the study of Janczyk et al. (2013), in which pigs were 

challenged with Salmonella enterica Serovar Typhimurium DT104, the pigs receiving the LZn (80 

and 150 ppm) dose had a lower Salmonella shedding and higher cytotoxic T-cells in blood and a 

higher number of different T cells in the mesenteric lymph nodes six weeks after the feeding the two 

different diets. The authors suggested that the HZn dose (2500 ppm ZnO) was beneficial immediately 

after the infection while after two weeks of feeding all positive beneficial effects of HZn disappeared 

and rather negative drawback, including a suppressive effect on the pig’s immunity, occurred 

(Janczyk et al., 2013).  

The results regarding the morphometric parameters agree with the results observed for the gut heath 

parameters. In fact, the LZn doses provided in the studies were not able to allow pigs to have similar 

morphological parameters and faecal pathogen expression as the HZn doses. In particular, the study 

of Kwon et al. (2014) showed that pigs receiving the LZn dose had higher faecal shedding, higher pH 

in the stomach, jejunum, ileum, cecum and colon, lower goblet cells in the jejunum and colon and 

lower villus height (VH), crypt depth (CD) and villus height to crypt depth (VH:CD) ratio in the 

jejunum and ileum. Reduced duodenum VH were observed also by Mazzoni et al. (2010) and Lei and 

Kim (2020) , reduced VH in jejunum and reduced VH:CD in duodenum and ileum were observed by 

Chai et al. (2014) and Lei and Kim (2020), respectively. In addition, higher jejunal expression of 

Interferon alfa (IFN-α) and 2'-5'-Oligoadenylate Synthetase 1 (OAS) and a higher jejunal permeability 

was observed in LZn pigs challenged with Transmissible gastroenteritis virus by Chai et al. (2014). 

These results confirm that in challenged pigs the LZn doses were not able to maintain the same gut 

heath than HZn. According to the results of Lei and Kim (2020), doses between 500 and 750 ppm 

were able to maintain a VH in the duodenum, jejunum and ileum and similar VH:CD ratio in the 

duodenum and jejunum as compared with HZn dose, suggesting that MZn doses could alleviate the 

gut impairment, while according to the study of Stensland et al. (2015), the MZn were not able to 

maintain similar gut condition of HZn dose. In this latter study, the pigs with the MZn had higher 
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ETEC F4, ETEC F4/Lactobacillus ratio and faecal valeric acid than pig receiving the HZn. Although 

the two studies analysed some parameters related to the gut health, they cannot be compared, therefore 

no clear conclusion can be drawn.  

Intestinal morphology showed decreased VH and enhanced CD in low Zn group by Kwon et al. 

(2014), similarly to what happen naturally in weaned pigs. On the contrary, it was shown an increased 

VH and lowered CD in animals with the addition of 100 ppm of coated Zn as well as them who 

received 2500 ppm of ZnO. This could suggest a beneficial effect of the gut structure induced by 

ZnO. Improved intestinal health results linked to the supplementation of coated Zn were also found 

in Han et al. (2018), where higher VH:CD values in jejunum resulted in pigs receiving M1Zn dose 

compared to whom was supplemented with pharmacological level of ZnO. Moreover, the increased 

presence of the tight junction protein ZO-1 in pigs receiving 2500 ppm of ZnO could indicate and 

increased level of barrier against E. coli.  

Overall, the administration of HZnO doses confirmed its positive effect in enhancing both productive 

and gut health parameters, even in animals challenged with ETEC F4, Salmonella and TGEV. 

 

Special zinc database 

One of the most promising strategies to reduce the quantity of ZnO in post-weaning diets is to identify 

different Zn forms which allow improving Zn bioavailability. According to the study performed by 

Schell and Kornegay (1996), it was already known that the bioavailability of Zn from standard ZnO 

is usually lower than that from other Zn sources, including ZnSO4, Zn-methionine and Zn-lysine. 

More recently the technology allowed the production of ZnO nanoparticles (Siddiqi et al., 2018) or 

porous source of Zn (Peng et al., 2019; Wang et al., 2019) which allowed to increase in Zn availability 

and therefore reduced the doses needed in the diet. In this dataset, the effects of the different Zn 

sources including Zn chelate, coated, capsulated and microencapsulated Zn, nano Zn, and porous Zn 

were compared to the one of HZnO.  

 

Zn chelates  

Historically, a highly investigated strategy to improve the zinc absorption in the intestine is 

represented by the use of chelated Zn (Richards et al., 2010). The chelation refers to a bond formed 

between the metal/mineral and a ligand. The ligand can bond the mineral in several points resulting 

in a structure in which the metal atom becomes part of a ring. For their structure and chemical 
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proprieties (amino and hydroxyl functional groups), amino acids (AAs) are the most suitable 

molecules to chelate minerals. Studies carried out in the 90s on rats and chickens showed how the 

use of zinc chelated with different AAs was able to have greater bioavailability than the form of zinc 

sulphate (Wapnir and Stiel, 1986; Hortin et al., 1991; Wedekind et al., 1992). Thereafter, some studies 

were carried out in pigs; according to the study of Swinkels et al. (1996) the Zn-chelate with AAs 

was able to enhance Zn concentration in serum and tissue compared to Zn sulphate in Zn depleted 

pigs. The authors hypothesized that the beneficial effects of the chelated Zn sources were related to 

the AAs since they were able to prevent the Zn binding to non-absorbable dietary compounds leading 

to increasing Zn absorption and (or) enhancing Zn retention. A positive effect on performance 

parameters was observed in the study by  Pieper et al. (2020), where they observed similar feed intake 

(FI) and ADG in both 2500 ppm ZnO and 110 Zn-Lysinate groups, suggesting the possibility of using 

a nutritional dose of Zn-Lysinate to improve growth parameters at weaning. Similarly, in the study 

by Case and Carlson (2002), the administration of 500 mg/kg as chelated ZnO with AAs complex 

was able to achieve similar G:F, ADG and average daily feed intake (ADFI) compared to HZnO 

(3000 ppm as ZnO). In addition to AAs, Zn can also be chelated by various types of polysaccharides. 

In the same study by Case and Carlson (2002) showed that 500 ppm of SQM-Zn (Zn chelated with 

polysaccharides) was able to achieve the same ADG, G:F and ADFI as the administration of 3000 

ppm of ZnO during the first three weeks post-weaning. On the contrary, in the study by Bosi et al. 

(2003), the 200 ppm of Zn-glutamate resulted in similar duodenal villus height as in pigs fed 2500 

ppm ZnO, and specific ETEC F4 IgA concertation in the serum 4 days post infection, but it was not 

able to improve ADG and to reduce the ETEC and E. coli abundance in the faeces. Similarly, the 

study conducted by Bouwhuis et al. (2017) showed that 500 ppm of Zn chelate with methionine was 

not able to reach the same ADG and faecal score as the HZnO group (2300 ppm as ZnO, pigs were 

not challenged). On the contrary, Oh et al. (2021) found that pigs supplemented with 200 ppm of Zn 

chelate with glycine were able to control the incidence of diarrhoea as well as HZnO (2500 ppm, pigs 

were not challenged) throughout the trial and to improve the apparent total tract digestibility of dry 

matter and gross energy compared in the first week after weaning compared to the groups without 

Zn, reaching the same levels as with 2500 ppm HZnO; these latter results may indicate that a low 

level of Zn glycinate may also increase the activation of digestive enzymes in the small intestine and 

pancreatic tissue as previously suggested for HZnO (Hu et al., 2012). However, according to the study 

performed by Pieper et al. (2020), ileal nutrient digestibility was not improved in the group of pigs 

fed with 110 ppm of Zn-Lysinate. Therefore, there are no consistent results regarding the effect of 

Zn-chelate on nutrient digestibility. Furthermore, in both studies by Oh et al. (2021) and Pieper et al. 

(2020), an effect of the Zn-chelate on the gut microbiota was observed, showing the ability of a low 
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dose of  Zn to interact with the commensal bacteria. Chitosan, which is a natural product obtained 

from partial N-deacetylation of chitin, has also been widely used to chelate Zn. According to the 

results obtained by Han et al. (2014), the use of chitosan-Zn at a dose of 100 mg Zn/kg diet was able 

to reduce intestinal permeability, improve the integrity of the intestinal mucosa and alleviate the stress 

caused by weaning similarly to 3000 ppm of ZnO, and was more effective than ZnSO4 in inhibiting 

the inflammatory response. Furthermore, Oh et al. (2021) showed that Zn-glycinate was able to 

increase the number of FoxP3+ and T-bet+ T cells compared to the HZnO and had similar IL-6 values 

of HZnO. These results may suggest that the low dose of Zn-glycinate can limit the inflammatory 

response and promote the activity against viral and bacterial pathogens. Furthermore, in the study by 

Hu et al. (2018), a decrease in the expressions of proteins associated with cell death was observed in 

pigs fed 150 ppm of chitosan-Zn compared to the effect of ZnSO4.  

Although the majority of Zn absorption is mediated by the ZIP4 transporter, which is the major uptake 

pathway for dietary Zn into the organism (Brugger et al., 2021c); chelated Zn with AAs appears to 

be absorbed more rapidly via peptide or AAs transporters (Nitrayova et al., 2012a). Nevertheless, the 

data reported so far have shown that in the majority of the studies comparable results were obtained 

with ZnO, and AAs chelated Zn, suggesting that the zinc-positive effect may not be directly 

dependent on its transport pathway.  

Overall, the lack of similarity in pig response between the different forms of chelated Zn is probably 

related to the different molecules to which the Zn is bound, and further investigations are needed to 

draw a conclusion. 

 

Coated ZnO  

Coating is a common means of drug delivery where the Zn supplements have a protective coating or 

film on the outer surface, and it is used to improve the chemical stability and absorption of ZnO (Luo 

et al., 2020). According to the present systematic search, 7 studies testing coated ZnO were found. 

Coated ZnO, with the protection of the covering layer, allows a higher percentage of ZnO to reach 

the gut, where ZnO can perform its primary function. Some studies had shown that ZnO coated with 

smectite or with lipids at a dose of 380 mg Zn/kg, can achieve the same effect as HZnO (C. Hu et al., 

2013; Shen et al., 2014a), while when used at lower doses (100 or 200 mg Zn/kg), coated ZnO did 

not affect growth performance (Byun et al., 2018). 

In the studies by Lei and Kim (2018) and Dong et al. (2019), the diarrhoeal index was reduced in the 

HZnO group (2500 and 2250 ppm of ZnO, respectively; pigs were not challenged), as well as in the 
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lipid coated group, suggesting the importance of ZnO in the gut ecosystem and in reducing the 

incidence of diarrhoea and that the administration of lower levels of coated ZnO could be used as an 

alternative to pharmacological level of ZnO. On the other hand, Byun et al. (2018) found an increase 

in the faecal score in pigs fed with lipid-coated Zn. In addition, Jang et al. (2014) and Upadhaya et 

al. (2018) observed a significantly lower serum Zn concentration in pigs fed with coated Zn compared 

to 2500 ppm of ZnO. Furthermore, in the studies by Lei and Kim (2018), Song et al. (2018) and Dong 

et al. (2019) the results of villus height in the duodenum of pigs fed with lipid coated Zn were not 

different from the results of 2250 ppm ZnO, showing that lower doses of coated ZnO could be a 

substitute for  HZnO in improving gut morphology. Furthermore, Dong et al. (2019) also observed 

an increase in ZO-1 and Occludin expression in HZnO and 380 ppm lipid coated zinc groups. This 

result suggests that dietary administration of coated ZnO, especially the lipid coating, could also 

prevent or even improve intestine integrity in weaned pigs.  

 

Capsulated and microencapsulated ZnO  

As mentioned above, the capsulation of ZnO could be an additional strategy to reduce the doses 

required in the post-weaning diet. Capsulated zinc refers to Zn supplements that are encapsulated in 

a shell or capsule. Increased local concentration of the substrates is one of the properties induced by 

molecular encapsulation (Kleij and Reek, 2006). In general, different sources of lipids are used to 

encapsulate ZnO. The term microencapsulation refers to micron-sized particles an inert (which is 

related to the reactivity of the shell with the core material) shell (Swapan, 2006). The comparison 

between the effects of capsulated and microencapsulated Zn to HZnO doses on performance, health, 

and gut health of post-weaning pigs is reported in Table 5.  

As shown by the studies by Wang et al. (2012), Jang et al. (2014) and Park et al. (2015), the 

administration of 1500 ppm, 139 ppm and 100 ppm of lipid capsulated ZnO allowed to obtain final 

BW and G:F values analogous to HZnO (3000 ppm, 2500 ppm and 2500 ppm as ZnO, respectively). 

Considering diarrhoea as a response parameter, the study by Wang et al. (2012) and Jang et al. (2014) 

showed comparable diarrhoea ratios between lipid capsulated and HZnO. However, the lower dose 

tested by Park et al. (2015) did not allow to achieve similar diarrheal score of HZnO (none of the 

studies included challenged animals). Nevertheless, the study by Park et al. (2015) showed a Zn 

concentration in the liver and blood similar to the control diet (100 ppm as ZnO) and lower than 

HZnO groups (2500 ppm as ZnO), suggesting that the Zn concentrations are directly correlated with 

dietary Zn concentrations, despite the Zn source. An increase in jejunal villus height and VH:CD ratio 

in the capsulated Zn group was also observed by Wang et al. (2012). Furthermore, ZO-1 and Occludin 
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expression were found at the same level between HZnO and capsulated groups, suggesting a positive 

connection with the decreased diarrhoea ratio in animals receiving both sources of ZnO. 

On the contrary, in the study by Grilli et al. (2015), when lipid microencapsulated ZnO was included 

in the diet at a dose of 300 or 800 mg/kg, the pigs showed an increase in growth performance and an 

increase in ileum villus height at the same level of HZnO (3000 ppm as ZnO). Regarding the level of 

inflammatory cytokines, similar levels of IFN-γ and TNF-α expression were found by Grilli et al. 

(2015) in pigs fed with 300 and 800 ppm of microencapsulated ZnO or with 3000 ppm ZnO. The 

explanation for these results may be the mechanism behind the action of ZnO in decreasing intestinal 

permeability and improving the overall health status of the pig gut.  

 

Zn oxide nanoparticles  

The term nanoparticles refers to ZnO particles smaller than 100 nanometres. A summary of the 

comparison between the effects of Zn nanoparticles and HZnO doses on performance, health and gut 

health of post-weaning pigs is reported in Table 6. The use of ZnO nanoparticles resulted in a similar 

ADG to the HZnO groups (2000 ppm; 3000 ppm; 3000 ppm; 3000 ppm; 2000 ppm; 2000 ppm; 1650 

ppm; 3000 ppm as ZnO, respectively) in the studies performed by Xia et al. (2017; 600 mg Zn/kg), 

Milani et al. (2017; 15 to 60 mg Zn/kg), Wang et al. (2018; 800 mg/kg), Pei et al. (2019; 150-450 mg 

Zn/kg), Sun et al. (2019; 400, 500 and 600 mg Zn/Kg), Kociova et al. (2020; 500 and 1000 mg/kg 

phosphate nano Zn: prepared by dissolving Zn(NO3)2·6H2O in water and heating to 60 °C and 

followed by a second step of dissolving (NH4)2HPO4 in water, Cui et al. (2021; 200 to 500 mg Zn/kg), 

and Szuba-Trznadel et al. (2021; 150 mg Zn/kg). The clear consistency showed by these studies 

confirms that that doses ranging from 15 to 800 mg of nanoparticles Zn could play a role similar to 

that of HZnO. The authors hypothesize that these positive results of low doses of nanoparticles ZnO 

can be achieved thanks to the higher solubility that nano Zn can have compared to normal ZnO.  

The occurrence of diarrhoea was not different from the high dose of HZnO with the use of 

nanoparticles, according to Pei et al. (2019), in whose study the addition of doses from 150 to 450  

ppm of nano Zn gave the same beneficial results as 3000 ppm of ZnO, and Sun et al. (2019), whom 

found comparable results in both groups receiving either 600 ppm of nano Zn and 2000 ppm of ZnO. 

However, opposite results were obtained by Milani et al. (2017; 15 to 60 mg Zn/kg) and Xia et al. 

(2017; 600 mg Zn/kg), where the HZnO significantly reduced the incidence of diarrhoea compared 

with the use of nano Zn (none of these studies included challenged animals). However, diarrhoea can 

be due to different reasons, resulting to different outcomes among the studies. 
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It is reported that nano Zn can have a high antibacterial effect (Sun et al. 2019;Kociova et al. 2020). 

Indeed, Sun et al. (2019) showed a similar E. coli abundance in cecum between HZnO and 400-600 

ppm of nano Zn showing that nano Zn can be more effective in preventing the growth of E. coli in 

pigs’ gut ecosystem. Likewise, Kociova et al. (2020) showed reducing coliforms abundance in the 

nano Zn groups when compared to the same doses of the normal ZnO. According to a recent review 

by Gudkov et al. (2021), the mechanisms of action of ZnO nanoparticles on bacteria can be 1) 

disruption of the cell membrane; 2) binding to proteins and DNA, generation of reactive oxygen 

species (ROS); 3) disruption of the processes of bacterial DNA replication, alteration (more often, 

down-regulation) of expression in a wide range of genes. These modes of action can vary according 

to the size (increasing with smaller nano-zinc size) and production methods, which can affect the 

physical and morphological characteristics of nano-zinc. For more information on the antibacterial 

effect of nano-Zn produced by different methods, we recommend the review by Gudkov et al. (2021).  

Xia et al. (2017) and Cui et al. (2021) showed also interesting beneficial effects of nano Zn on the 

intestinal morphology and integrity parameters. The use of HZnO and nano ZnO resulted in higher 

jejunal villus height and VH:CD ratio of pigs, and the decreased in the expression of pro-

inflammatory cytokines such as IFN-γ and TNF-α in both nano Zn and HZnO fed animals compared 

to the control group. Cui et al. (2021) showed that the 200-500 ppm of nano zinc was as functional 

as 1600 ppm of ZnO in the increasing villus height and crypt depth in jejunum, ileum, and duodenum, 

leading to a potential beneficial effect in order to maintain the membrane functions, and the addition 

of 200 ppm of nano Zn enhanced ileal and jejunal IL-6 content, suggesting a protective immune effect 

given by this Zn source. These two studies indicate that low doses of nano zinc can alleviate the 

inflammation and promote the functionality of the gut health in the digestion and absorption. 

However, the expression of Occludin in jejunum in the nano Zn group was not comparable with the 

one obtained in the HZnO, suggesting that the addition of nano Zn could not be as effective as ZnO 

in maintaining gut integrity (Xia et al., 2017).   

Furthermore, according to the study by Kociova et al. (2020), nano Zn can showed a higher absorption 

compared to normal ZnO, as shown by the higher Zn concentration observed in the blood when 

comparing the same feeding doses of nano Zn and normal Zn; in fact, this higher absorption could 

partially explain the beneficial effect of nano Zn in gut health and growth parameters.  

Indeed, as supported by the majority of these results, it can be hypothesized that the administration 

of ZnO in the form of nano Zn, can maintain or even increase the positive effects of this form of Zn. 

Indeed, the smaller molecules have the potential to increase the absorption area in the gut, especially 
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in the small intestine, therefore exploiting the same beneficial effects of pharmacological doses of 

ZnO. 

 

Porous and high surface forms of Zinc Oxide  

Among the alternatives to HZnO, porous and high surface area of ZnO have also been investigated. 

In this category, one of the most investigated and available forms is a porous source of Zn source 

(HiZox®, Animine, France), which is a porous high surface area of ZnO with a patented 

manufacturing technology. The results of the effects of this form of Zn on performance, health and 

intestinal health parameters compared to the effects of HZnO are shown in Table 7. None of the 

studies involved challenged animals. According to Cho et al. (2015; 110 ppm and 220 ppm,), Peng et 

al. (2019; 200 ppm), and Wang et al. (2019; 200 ppm and 500 ppm) the use of porous ZnO allowed 

to obtain ADG, ADFI and G:F ratios with similar values to those archived with HZnO (3000 ppm; 

3000 ppm; 2400 ppm as ZnO, respectively). Furthermore, in the study by Morales et al. (2012),  

higher ADG results were observed in groups receiving 110 ppm of porous ZnO when administrated 

to pigs in the starter phase (42 to 63 d of age). Comparable results regarding the diarrhoea parameters 

(diarrhoea incidence and faecal score) were observed between the porous form of Zn and HZnO doses 

in the studies performed by Morales et al. (2012), Cho et al. (2015), Vahjen et al. (2016), Long et al. 

(2017), and Wang et al. (2019).  

Regarding the effect of porous ZnO on the intestinal health parameters, it can be noted that according 

to Long et al. (2017), similar results can be obtained in jejunum and ileum crypt depth values and VH 

with 400 ppm. Furthermore, in the study by Peng et al (2019), lower levels of ileum and caecum E. 

coli ileum and caecum were found in the porous ZnO group, compared to pharmacological levels of 

ZnO. 

More recently, a new technology combining the advantages of nano and porous Zn was tested by Su 

et al. (2023). This new form of Zn, characterized by small particles with high porosity and a specific 

surface area (48.916 m2/g), was able to reduce the ETEC F4 activity at a dose of 200 ppm, and at a 

dose of 300 ppm had better diarrhea-preventive effects, nutrient digestibility and integrity and 

functionality (increase in villus height) of the gastrointestinal tract, especially when combined with 

the use of probiotics.  

Overall, the results collected for porous and porous Zn sources are promising and highlight these 

sources of Zn as a valid strategy to reduce the necessary dose to be included in the post-weaning diet.  
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Conclusion 

The EU ban on the use of pharmacological level of ZnO is an issue of increasing interest and concern 

in the field of pig production. Based on the data presented, there is evidence that the effect of the Zn 

is dose dependent. However, the data highlighted that the form of Zn also plays a role in the efficacy 

of this micronutrient in promoting pig health. The solubility seems to be a key point, in fact, the 

higher efficacy of ZnO, characterized by a lower solubility than ZnSO4, can be explained by its role 

to cover the demand by a systemic effect, as well as to exert a local effect reducing the oxidative 

stress of the gut mucosa and strengthening the recovery of the gut integrity. The present data confirm 

that with the dose of Zn allowed in the EU (150 ppm) is almost impossible to observe the same effect 

obtained with a high ZnO dose, regardless the source used. Therefore, a possible strategy to replace 

the high ZnO dose should be the use of a form of Zn that is able to cover the requirements, to sustain 

the physiology of the pigs as well as to have a local effect on the gut mucosa. 
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Tables 

Table 1. Effect of different doses of ZnO on performance and Zn content in blood and liver of post weaning pig. 

ITEM 
N. 

studies 

Mean 

SEM 

P-value 

LZn M1Zn M2Zn HZn  

Zn 

level 

classes 

Basal 

Zn 
Reference  

ADG 32 101.38b 115.82ab 131.09a 121.21a 6.47 <0.001 0.53 0.07 

G:F 23 100.11b 105.25ab - 104.97a 1.87 0.02 0.08 0.11 

Blood 

Zn 
11 103.88b 142.61ab - 177.03a 28.88 0.003 0.12 0.17 

Liver 

Zn 
5 100b - - 589.68a 83.7 0.01 0.98 0.40 

Mean: LZn (0 ppm to 200 ppm), M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 ppm to 3000 ppm); Basal Zn: Zn 

administrated in the basal diet. 

a,b,c = values with different superscript differs (P < 0.05). 
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Table 2. Effect of different doses of ZnO on morphological parameters of small intestine. 

ITEM 
N. 

studies 

Mean 
 

SEM 
 

P-value 

LZn MZn M1Zn M2Zn HZn 
Zn level 

classes 

Basal 

Zn 
Reference 

Intestinal  morphology 

Villus height 18 99.89b 112.37ab - - 130.26a 11.55 0.004 0.6 0.04 

Villus width 4 97.84b - - - 107.84a 1.83 0.003 0.01 0.28 

Crypt depth 16 99.92 103.33 - - 96.86 2.81 0.32 0.73  0.15 

Intestinal  gene expression 

ZO-1 3 104.14b - - - 144.75a 4.93 0.01 0.62 0.4 

Occludin 2 103.89 - - - 133.73 12.2 0.06 0.64 0.3 

IL-1β 5 94.68 121.95     74.8 17.54 0.33 0.7 0.37 

TNF-α 6 100.68 - - 102.72 113.5 5.76 0.09 0.24 0.49 

IFN-γ 6 97.15a - - - 77.09b 4.99 0.01 0.29 0.37 

TGF-β 4 99.46 100.59 - - 123.43 8.47 0.15 0.08 -  

 

Zn level classes: LZn (0 ppm to 200 ppm), MZn (201 ppm to 1600 ppm); M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 

ppm to 3000 ppm); Basal Zn: Zn administrated in the basal diet. 

a,b,c = values with different superscript differs (P< 0.05). 

ZO-1= Zonulin-1; IL-1β= Interleukin-1 beta; TNF-α= Tumor necrosis factor; IFN-γ= Interferon gamma; TGF-β= transforming growth factor-β  
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Table 3. Effect of different doses of ZnO on pig’s microbial abundance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zn level classes: LZn (0 ppm to 200 ppm), M1Zn (201 ppm to 630 ppm); M2Zn (631 ppm to 1600 ppm); HZn (1601 ppm to 3000 ppm) ; Basal Zn: 

Zn administrated in the basal diet. 

a,b,c = values with different superscript differs (P < 0.05).  

ITEM 
N. 

studies 

Means 

SEM 

P-value 

LZn MZn M1Zn M2Zn HZn Zn level classes 
Basal 

Zn 
Reference 

E. coli, feces 4 100.25 - 96.68 - 97.01 1.39 0.18 0.2 * 

Lactobacillus, 

feces 
4 95.57 - 103.71 - 94.81 22.76 0.91 0.74 0.23 

E. coli,  

5 100.05 103.2 - - 92.42 4.11 0.12 0.89 0.25 
large intestine 

Lactobacillus,  

4 100.01 99.78 - - 99.85 2.25 0.98 0.38 0.46 

large intestine 

E. coli,  

6 73.72b - - - 231.88a 62.39 0.04 0.55 0.2 
small intestine 

Lactobacillus, 

6 104.04a 98.74ab - - 81.23b 10.31 0.05 0.63 0.18 

small intestine  
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Table 4. Effect of different doses of zinc oxide on the performance, health, and gut health parameters in weaned pigs under challenge conditions. 

ITEM CHALLENGE LZn MZn HZn REFERENCE 

PERFORMANCE 

ETEC F4 
↓ ADG  

- 2500 ppm 
(Kwon et al., 

2014) ↓ final BW 

ETEC F4 ↓ ADG and ↑ FCR - 2500 ppm 
(Heo et al., 

2010)  

ETEC F4 ↓ ADG, ADFI and G:F  

= ADG, ADFI and 

G:F (500-750 and 

1000 ppm) 

2500 ppm 
(Lei and Kim, 

2020)  

ETEC F4 = BW, ADG and ADFI 
= BW, ADG and 

ADFI 
2500 ppm 

(Han et al., 

2018) 

ETEC F4 - 
↓ BW, ADG and 

ADFI (220 ppm) 
3000 ppm 

(Stensland et 

al., 2015)  

ETEC F4 = BW, ADG and ADFI - 2500 ppm 
(Mazzoni et 

al., 2010b)  

Salmonella 

entericaSerovar 

Typhimurium DT104 

↓ ADG untill d21 (50-80 ppm); = ADG 

from d7-d14 and d14-d21 (150 ppm) 
- 2500 ppm 

(Janczyk et al., 

2013)  

Transmissible 

gastroenteritis virus 
↓ BW (50 and 150 ppm) - 2500 ppm 

(Chai et al., 

2014b)  

HEALTH ETEC F4 ↑ diarrhea  - 2500 ppm 
(Heo et al., 

2010)  
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ETEC F4 

↑ diarrhea (challenged group) 

↓ Zn plasma and liver concentration; 

↓ Zn plasma and liver 

concentration 
2500 ppm 

(Han et al., 

2018) 

ETEC F4 ↑ diarrhea; ↑TNF-α and IL-6 in blood 

↑ diarrhea at 72 h 

(500-750 and 1000 

ppm) ; = ↑TNF-α and 

IL-6 in blood (500-

750 and 1000 ppm) 

2500 ppm 
(Lei and Kim, 

2020) 
 

Salmonella enterica 

Serovar 

Typhimurium DT104 

↓ Salmonella shedding (80 and 150 

ppm);  

↑ cytotoxic T cells in blood (80 and 150 

ppm) but after six weeks of feeding 

- 2500 ppm 
(Janczyk et al., 

2013)  
 

Transmissible 

gastroenteritis virus 
↑ fecal score (both 50 and 150 ppm) - 2500 ppm 

(Chai et al., 

2014b) 

 

 

INTESTINAL 

HEALTH 

ETEC F4 

↑ faecal shedding ↑stomach, jejunum, 

ileum, cecum, and colon pH  

↓ jejunum and colon goblet cells 
- 

2500 ppm 
(Kwon et al., 

2014) 

 

↓ jejunum and ileum VH, CD VH:CD  

   

ETEC F4 ↓ duodenum VH 

↓ duodenum VH and 

VH:CD 

↓jejunum CD, ↑ 

jejunum VH:CD 

2500 ppm 
(Han et al., 

2018) 
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↓ jejunum Zonulin-1 

expression  

ETEC F4 

 = VH duodenum, 

jejunum, and ileum; ↓ 

ileum VH:CD for 500 

and 750 ppm; = 

duodenum and 

jejunum VH:CD  

2500 ppm 
(Lei and Kim, 

2020) 

 

↓ duodenum villus height; = villus 

height in jejunum 
 

↓ duodenum and ileum VH:CD   

ETEC F4 - 

↑ ETEC F4; ↑ ETEC 

F4/Lactobacillus 

ratio; ↑ faecal valeric 

acid 

3000 ppm 
(Stensland et 

al., 2015) 
 

ETEC F4 

↓ duodenum VH; = mitosis and 

apoptosis in duodenum; 

↑ faecal ETEC F4 excretion 

 2500 ppm 
(Mazzoni et 

al., 2010b) 
 

Trasmissibile 

gastroenteritis virus 

= sIgA (50 and 150 pm); ↑ IFN- α and 

OAS (50 ppm) 
- 2500 ppm 

(Chai et al., 

2014b) 

 

↑ villus atrophy and ↓ VH in jejunum; ↑ 

jejunum permeability 
 

ETEC: entorotoxigenic Escherichia coli; ADG: average daily gain; BW: body weight; FCR: feed conversion ratio;ADF: average daily feed intake; 

G:F: gain to feed ratio;  TNF-α: Tumor necrosis factor alpha; IL-6: interleukin 6; VH: villus height; CD: cript depth; VH:CD: villus height to crypt 

depth ratio; sIgA: secretory immunoglobulin A; IFN- α: Interferon alfa; OAS: 2'-5'-Oligoadenylate Synthetase 1



 

74 
 

Table 5. Effect of capsulated Zn on productive and health parameters in weaned pigs. 

ITEM 

EFFECTS vs 

pharmacological 

level of ZnO 

Protection DOSE REFERENCE 

PERFORMANCE 

= BW, ADG, 

ADFI and G:F 
Capsulated 

1500 

ppm 

(Wang et al., 

2012) 

= BW, ADG; 

ADFI and G:F 

Microencapsulated; 

lipid matrix 

300 

and 

800 

ppm 

(Grilli et al., 

2015) 

= BW and G:F 

↓ ADG and ADFI 

Lipid-encapsulated 

Shield Zn 

139 

ppm 

(Park et al., 

2015) 

= BW, ADG, 

ADFI and G:F 

Lipid-encapsulated 

Shield Zn 

100 

and 

250 

ppm 

(Jang et al., 

2014) 

HEALTH 

= diarrhea ratio; 

= IgG, IgM, IgA 

and Zn serum 

↓ Zn feces 

Capsulated 
1500 

ppm 

(Wang et al., 

2012) 

↑faecal score 

↓ Zn serum and 

liver 

Lipid-encapsulated 

Shield Zn 

139 

ppm 

(Park et al., 

2015) 

= faecal score 

↓ Zn serum and 

liver 

Lipid-encapsulated 

Shield Zn 

100 

and 

250 

ppm 

(Jang et al., 

2014) 



 

75 
 

INTESTINAL 

HEALTH 

↑ jejunum VH, CD 

and VH:CD 

= ZO-1, Occludin 

and IGF-I jejunum 

expression 

Capsulated 
1500 

ppm 

(Wang et al., 

2012) 

↑ ileum villus 

height and VH:CD 

= ileum crypt dept 

=OCL, ZO-1, TNF, 

IL-6, IFN-γ 

Microencapsulated; 

lipid matrix 

300 

and 

800 

ppm 

(Grilli et al., 

2015) 

= duodenum, 

jejunum, and ileum 

VH, CD and 

VH:CD 

Lipid-encapsulated 

Shield Zn 

139 

ppm 

(Park et al., 

2015) 

= ileum VH, CD 

and VH:CD 

↑ duodenum VH 

and CD 

= jejunum VH and 

CD 

↑ jejunum VH:CD 

(250 ppm) 

Lipid-encapsulated 

Shield Zn 

100 

and 

250 

ppm 

(Jang et al., 

2014) 

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed 

ratio;  Ig: immunoglobulin; ZO-1: Zonulin-1; IGF-I: insuline-like growth factor; TNF-α: Tumor 

necrosis factor alpha; IL-6: interleukin 6; IFN-γ: Interferon‐gamma; VH: villus height; CD: 

crypt depth; VH:CD: villus height to crypt depth ratio. 
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Table 6. Effect of Zn oxide nanoparticles on productive and health parameters in weaned 

pigs. 

ITEM 

EFFECTS vs 

pharmacological level of 

ZnO 

DOSE REFERENCE 

PERFORMANCE 

= BW, ADG, ADFI and F:G 600 ppm (Xia et al., 2017) 

= ADG, ADFI and G:F 
15, 30 and 60 

ppm 

(Milani et al., 

2017) 

= BW, ADG, ADFI and F:G 
400 and 800 

ppm 

(Wang et al., 

2018) 

= BW, ADFI and G:F 

↓ADG (300 ppm) 

300,400,500 and 

600 ppm 
(Sun et al., 2019b) 

= BW, ADG, ADFI and G:F 
150, 300 and 

450 ppm 
(Pei et al., 2019b) 

=BW, ADG, ADFI and F:G 
200,300 400 and 

500 ppm 
(Cui et al., 2021) 

= BW, ADG and ADFI 

↓ F:G 

150 ppm 
(Szuba-Trznadel 

et al., 2021b) 

↑ BW 

 ↑ ADG 

500, 1000 and 

2000 ppm 

(Kociova et al., 

2020) 

↓ ADG and G:F 
500, 1000 and 

2500 ppm 
(Oh et al., 2020) 

HEALTH 

↑ diarrhea (%) 600 ppm (Xia et al., 2017) 

↑ diarrhea (%) 

↓ fecal Zn 

15, 30 and 60 

ppm 

(Milani et al., 

2017) 

= diarrhea (%) 

↓ Zn plasma (400 ppm) 

400 and 800 

ppm 

(Wang et al., 

2018) 
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↓ Zn kidney and liver (400 

and 800 ppm) 

= diarrhea (%) (600 ppm) 

= IgG, IgM and IgA (400, 

500 and 600 ppm) 

300,400,500 and 

600 ppm 
(Sun et al., 2019b) 

= diarrhea (%) 

↓ Zn serum, fecal and liver 

concentration (450 ppm) 

150, 300 and 

450 ppm 
(Pei et al., 2019b) 

↓ liver Zn concentration 

= ileum IgA and jejunum IgG 

↑ jejunum IgA (200 and 400 

ppm) 

↓ ileum IgG and jejunum IgM 

(500 ppm) 

200,300 400 and 

500 ppm 
(Cui et al., 2021) 

= diarrhea rate (%) 

↓ Zn serum concentration 

150 ppm 
(Szuba-Trznadel 

et al., 2021b) 

↑ fecal score 

= serum IgG, IgA and IgM 

↓ Zn feces concentration 

500, 1000 and 

2500 ppm 
(Oh et al., 2020) 

INTESTINAL 

HEALTH 

= IFN-γ, TNF-α and NFKB 

expression 

= jejunum VH, CD and 

VH:CD ratio 

600 ppm (Xia et al., 2017) 

= jejunum and cecum E. coli 

and Lactobacillus 

15, 30 and 60 

ppm 

(Milani et al., 

2017) 

= Occludin and TNF-α 

expression (400 ppm) 

400 and 800 

ppm 

(Wang et al., 

2018) 
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= Claudin-2 and ZO-1 (400 

and 800 ppm) 

= ileum VH, CD, VH:CD and 

surface area 

↓ feces coliform 

↑ Zn blood concentration 

(2000 ppm) 

500, 1000 and 

2000 ppm 

(Kociova et al., 

2020) 

↑ cecum E. coli (300 ppm 

nano-Zn) 

300,400,500 and 

600 ppm 
(Sun et al., 2019b) 

= duodenum and ileum VH 

and CD 

↑ jejunum villus height 

↑ duodenum and jejunum 

VH:CD 

= ileum VH:CD 

= cecum, rectum, and colon 

E. coli abundance 

150, 300 and 

450 ppm 
(Pei et al., 2019b) 

= jejunum IL-6 (300, 400 and 

500 ppm) 

↑ ileum IL-6 (200, 300 and 

400 ppm) 

= duodenum, jejunum, and 

ileum VH, CD and VH:CD 

200,300 400 and 

500 ppm 
(Cui et al., 2021) 

= duodenum, jejunum and 

ileum VH, CD and VH:CD 

ratio 

500, 1000 and 

2500 ppm 
(Oh et al., 2020) 

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed 

ratio;  Ig: immunoglobulin; IFN-γ: Interferon‐gamma; TNF-α: Tumor necrosis factor alpha; 
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NFKB: Nuclear Factor Kappa B; VH: villus height; CD: crypt depth; VH:CD: villus height to 

crypt depth ratio; IL-6: interleukin 6. 

 

Table 7. Effect of porous form of Zn on productive and health parameters in weaned pigs.  

ITEM 
EFFECTS vs pharmacological 

level of ZnO 
DOSE REFERENCE 

PERFORMANCE 

= ADG, ADFI and G:F 200 ppm 
(Cho et al., 

2015) 

↑ ADG and G:F 110 ppm 
(Morales et al., 

2012) 

↓ ADG and ADFI 

= F:G 

400 ppm 
(Long et al., 

2017a) 

= ADG (220 ppm porous form) 

= ADFI and F:G (110 and 220 

ppm) 

110 and 

220ppm 

(Wang et al., 

2019a) 

= ADG, BW, ADFI and G:F 
200 or 500 

ppm 

(Peng et al., 

2019) 

HEALTH 

= faecal score 

↓ faecal Zn  

150 and 

300 ppm 

(Vahjen et al., 

2016) 

= plasma Zn 

= faecal score 

200 and 

300 ppm 

(Cho et al., 

2015) 

= diarrhea incidence 

↓ kidney Zn content 

400 ppm 
(Long et al., 

2017a) 

= faecal score 
110 and 

220 ppm 

(Wang et al., 

2019a) 

↑ diarrhea incidence 
200 or 500 

ppm 

(Peng et al., 

2019) 
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= diarrhea 110 ppm 
(Morales et al., 

2012) 

INTESTINAL 

HEALTH 

= fecal Lactobacillus and E. coli 
200 and 

300 ppm 

(Cho et al., 

2015) 

↓ duodenum villus height 

= ileum and jejunum crypt depth 

↑ IFN-γ duodenum and ileum 

expression 

400 ppm 
(Long et al., 

2017a) 

= duodenum VH, CD and VH:CD 

= ileum and jejunum VH and CD 

↓ ileum and jejunum VH:CD (200 

ppm) 

↓ Ileum and caecum E. coli 

↑ Ileum and cecum Lactobacillus 

200 or 500 

ppm 

(Peng et al., 

2019) 

=ZO-1, TNF-α, IFN-γ and 

Occludin distal small intestine 

expression 

= E. coli in small intestine (110 

ppm and 220 ppm) 

110 and 

220 ppm 

(Wang et al., 

2019a) 

ADG: average daily gain; BW: body weight; ADFI: average daily feed intake; G:F: gain to feed 

ratio; F:G: feed to gain ratio; IFN-γ: Interferon‐gamma; ZO-1: Zonulin-1; TNF-α: Tumor 

necrosis factor alpha.  
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Abstract 

Zinc (Zn) is an essential trace element for piglets. This study aimed to compare the effect of 

two Zn sources on piglets belonging to two birth weight categories. At birth, 64 piglets were 

weighed and assigned into low (LBBW <1 kg) and normal (NBBW >1 kg) birth body weight 

(BBW). At weaning (25 days of age, d0), the piglets were divided into 4 groups: 1;2) 

LBBW/NBBW piglets fed a standard diet with 120 mg/kg of Zn from zinc sulfate (ZnSO4; CO 

group); 3;4) LBBW/NBBW piglets fed a standard diet with 120 mg/kg of Zn from a potentiated 

zinc oxide (ZnO) source (HiZox®, Animine) (treated (TRT) group). Animals were weighed 

weekly until d21. Fecal scores were daily recorded. On d9 and d21, 32 piglets per timepoint 

were slaughtered, and blood was collected to analyze haptoglobin and reactive oxygen 

metabolites. Jejunum tissue was collected for gene expression analysis, immunohistochemistry, 

and morphology; colon content was collected for microbiota and short chain fatty acid analysis, 

and the pH of jejunum, cecum, and colon were measured. The NBBW had higher BW 

throughout the study (P<0.01). The TRT group tended to have a higher average daily gain in 

the periods d0-d9 and d9-d14 (P<0.10). A lower jejunum pH was observed at d21 in the TRT 

piglets (P=0.02). An interaction between diet and BBW was observed for nuclear factor kappa 

B subunit 2 at d9 (P=0.03); the LBBWCO piglets had a higher gene expression as compared to 

the other groups. At d21, the interaction between diet and BBW affected the villus height 

(P=0.05) and the absorptive mucosal surface (P=0.02) and was higher in the NBBWCO piglets. 

A tendency for the BBW class at d9 (R2= 0.04, P= 0.07) and a statistical difference at d21 (R2= 

0.05, P= 0.03) were found in the beta diversity of the cecal microbiota. The porous form of 

ZnO had a positive effect on the growth performance and gut health parameters of the weaned 
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piglets which differed according to their BBW; this could be a potential strategy to manage 

weaning stress.  

 

Keywords: Microbiota; Mineral nutrition; Gut maturation; Immune system activation; 

Weaning 

 

Implication 

Larger litter sizes increase challenges linked to piglet born with a low birth weight (LBBW). 

This study explored the potential of using a porous form of Zinc Oxide (ZnO) to reach 150 

mg/kg of zinc compared to Zinc Sulfate in improving performances and gut health status of 

LBBW piglets. Feed efficiency resulted increased in pigs receiving the ZnO. Moreover, this 

source of zinc contributed to reducing the physiological gap between LBBW and normal weight 

piglets.  

 

Introduction 

As a consequence of the high-prolific sows genetic selection, there has been an increase in 

piglets born with low birth body weight (LBBW) (Beaulieu et al., 2010). The term LBBW 

refers to piglets having a birth weight of less than 1.1 kg (Li et al., 2018b) and is often associated 

with high neonatal mortality, lower BW at the end of the nursing period and during the weaning 

period (Rodrigues et al., 2020), an abnormal intestinal morphology (Chen et al., 2021; Gondret 

et al., 2013), and delayed postnatal growth and development (Quiniou et al., 2002; Wellington 

et al., 2021). Furthermore, LBBW piglets are also associated with increased gastrointestinal 

tract (GIT) impairment due to severe immaturity of the intestinal gut mucosa (Michiels et al., 

2013), indicated by the lower expression of IAP, gene coding for intestinal development (Ayuso 

et al. 2021), compromised intestinal permeability (Tao et al., 2019) and low expression of tight 

junction proteins as claudin 4 and occluding 1 (Ayuso et al., 2021). Moreover, birth weight is 

a key determinant of weaning weight variability (Quiniou et al., 2002).  

Among the nutrients, zinc (Zn) is an important trace element which is involved in the synthesis 

of over 300 enzymes, including intestinal brush border enzymes, functioning as a structural and 

functional element in protein molecules, DNA replication and the reverse transcription process. 

Furthermore, it is involved in metabolic pathways and molecular synthesis, as well as in 
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controlling gene expression, and is linked to gut health and immune function in animals 

(Ciesinski et al., 2018). According to recent  European Union (EU) regulations, piglet diets can 

contain up to 150 mg/kg of Zn which is slightly higher than the recommendation of the National 

Research Council (NRC) (NRC, 2012) (60 to 100 mg/kg), however  the Zn present in the raw 

material used to formulate a common post-weaning diets, is around 35/45 mg/kg (Revy et al., 

2003b). Therefore, it is possible to add Zn from other sources to the post-weaning diets up to150 

mg/kg of diet   (Alam et al., 1994). Although data on the efficacy of zinc oxide (ZnO) to support 

gut health are based on high doses, which are currently forbidden in the EU, the use of lower 

doses may still have a positive effect in restoring small intestine impairment in LBBW.  

Zn is available in different form and this can influences the Zn solubility and bioavailability, 

subsequently impacting its physiological role and the covering of piglets requirement.   

Zinc sulphate (ZnSO4) has been used as the primary Zn nutritional source in feed for a long 

time due to its high water solubility (Diao et al., 2021b; Villagómez-Estrada et al., 2020). 

Indeed, the Zn bind to the sulphate group permits an increase in its bioavailability (Bonetti et 

al., 2021c). Promising results are already emerging regarding the use of different sources of Zn, 

different from ZnSO4, on gut health and alleviating weaning disorders (Long et al., 2017). In 

particular, the use of a low dose (500 mg/kg) of porous ZnO, characterized by small aggregates 

and agglomerated particles (Cardoso et al., 2021) and higher solubility than other ZnO sources 

(Wang et al., 2019), despite being a non-water-soluble source, has been demonstrated to be as 

effective as the pharmacological dose of ZnO in sustaining gut functions in weaning pigs (Long 

et al., 2017). The different sources of Zn can influence the expression of these Zn transporter, 

according to their bioavailability (Ma et al., 2021b). In particular, two Zn transporter families 

have been detected: solute carrier (SLC) belonging to family 30 (ZnT) and family 39 (ZIP). ZIP 

and ZnT are differing for their direction of Zn transport, position, as well as their mechanistic 

transport (Yin et al., 2022). Indeed, ZIP family transporter promote Zn2+ influx in the cytosol 

from the subcellular compartments or extracellular space (Kambe and Wagatsuma, 2023). On 

the other hand, ZnT transporter decrease the Zn2+ from cytosol in two possible ways: facilitating 

Zn uptake in subcellular compartments or excreting it in the circulation (Rutter et al., 2016b).  

Based on current knowledge, since the LBBW pigs suffer a greater negative impact at weaning, 

being characterized by a lower weight at weaning, less intestinal development, especially in the 

small intestine, and a lower maturity of the immune system than NBBW piglets, it can be 

hypothesized that the administration of porous form of ZnO could benefit in their development, 
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reducing the physiological gap between LBBW and NBBW piglets. To the author knowledge, 

this is the first study aiming to compare two different sources of Zn in piglets differing for their 

birth body weight (BBW). Following our preliminary results (Negrini et al., 2022; Negrini et 

al., 2023), the aim of the present study was to compare the effect of ZnSO4 or a porous source 

of ZnO, which differed in their solubility, on the gut health status of low and normal birth body 

weight piglets from weaning until three weeks post-weaning. 

 

Materials and Methods  

Experimental procedures and design 

A total of 64 piglets were selected from multiparous sows (5±1.5 parity order) from a farm in 

the North of Italy. Healthy piglets from each litter were weighed at birth and were categorized 

as low body weight when the BBW was <1.1 kg (LBBW: 0.92 ± 0.09 kg; n=32) or normal body 

weight when the BBW was >1.2 kg (NBBW: 1.37 ± 0.09 kg, n=32). The piglets were then 

weighed 3 days after birth (LBBW 1230 ± 0.14 g, NBBW 1740 ± 0.21 g) and at weaning (25 

days of age; 6284.52 ± 752.27 g for LBBW and 7777.50 ± 777.18 g for NBBW).  

At weaning (d0), the piglets were transported to the experimental unit of the University of 

Bologna and arranged in a 2 x 2 factorial design which included BBW and diet as factors. Due 

to the rigid sanitary conditions of the farm, no creep feed was provided during the suckling 

phase as an additional stress.  

The piglets were divided into four experimental groups (8 replicates of 2 piglets/group) 

balanced for litter of origin (both BBW classes were represented in each litter) and BW (within 

each BBW class): Control (CO) groups: low birth BW (COLBBW) piglets and normal birth 

BW (CONBBW) piglets fed with a standard weaning diet, supplemented with approximately 

120 mg/kg of Zn derived from ZnSO4 and Treated (TRT) groups: low birth BW (TRTLBBW) 

piglets and normal birth BW (TRTNBBW) piglets fed with a standard weaning diet, 

supplemented with approximately 120 mg/kg Zn derived from a porous source of ZnO 

(HiZox®, Animine, Annecy, France). 

The basal diet was produced in a single batch and divided in two sub-batches; each sub-batch 

was integrated with one of the two Zn sources using a small mixer. To determine the amount 

of Zn to be included in the basal diet, the Zn concentration was determined, and the two tested 
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products were then added until approximately 150 mg/kg of total Zn was reached. The analyzed 

and estimated composition values of the basal diet are reported in Table 1.  

Humidity, crude protein, crude fat, and crude fiber in the diet were analyzed following the 

methods approved by the Commission Regulation (EC) No 152/2009 (2009).  

Zinc content in diets was analysed using inductively coupled plasma mass spectrometry 

ICP/MS (Wilschefski and Baxter, 2019). 

Calcium and phosphorus concentration analyses were carried out using inductively coupled 

plasma optical emission spectroscopy (ICP-OES, AOAC Official Method 984.27; AOAC Int., 

2007). 

Metabolized and Net energy (ME and NE, respectively) were estimated using the InraPorc 

software (Version 1.8.0.0) (van Milgen et al., 2008) which is based on the equation of Noblet 

et al. (1994). 

The piglets were fed ad libitum with continuous access to water. 

The piglets were kept in pens with a slatted floor containing enrichment material consisting of 

metal chain and cotton rope. Room temperature was kept at 30°C at the beginning of the trial 

and was then gradually decreased to 26°C by the end of the trial. In addition, infrared lamps 

were used during the first 10 days post weaning. Temperature and humidity were recorded 

daily. 

 

Measurement and sample collection 

Pigs were weighed individually at d0 and then every week until d21 post weaning (end of the 

trial). Feed intake (FI), general health status and fecal consistency (5-point scale: 1 hard feces 

– 5 watery feces) were daily recorded. The piglets were considered to have diarrhea when the 

fecal score was > 3 (Correa et al., 2022). The piglets were slaughtered at two time points: d9 - 

one piglet/replicate (total of 32 piglets; acute post-weaning phase) and d21 (total of 32 piglets; 

post-weaning recovery phase). At d9 and at d21, the piglets were fasted for 12 hours in order 

to reach the basal physiological level of Zn in the blood circulation and to avoid confounding 

factors regarding the determination of Zn in the target tissues. At slaughter, the piglets were 

sedated and euthanized as previously described by (Trevisi et al., 2023). Blood samples were 

collected at d9 (from all the piglets) and at d21 (from the remaining piglets) in 10 mL tubes 
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with a clot activator (Vacutest Kima Padova, Italy). After two hours of clotting, the blood 

samples were centrifuged at 2000 x g at room temperature for 10 minutes to obtain the serum. 

The serum was then stored at –80°C until the analyses for Reactive Oxygen Metabolites 

(ROMs), Haptoglobin (Hp) and Zn concentrations.  

At slaughter the intestinal contents from the distal jejunum, cecum, and colon were immediately 

sampled and processed for pH determination (Vio, Giorgio Bormac S.r.l., Carpi, MO, Italy). 

For microbiota profile characterization and short-chain fatty acid (SCFA) analyses, a sample 

of colonic content was collected into a sterile tube, immediately frozen in liquid nitrogen, and 

then stored at -80°C. Two samples of the distal jejunal mucosa were collected from each piglet. 

One was gently scraped, promptly frozen in liquid nitrogen and then stored at -80°C for gene 

expression analyses, and the second one was fixed in formalin for immunohistochemical and 

morphological analysis. Finally, a liver sample (from the same lobe of all the animals) was 

collected, frozen in liquid nitrogen and then stored at -80°C for the Zn concentration analyses.  

 

Blood and liver analysis  

The ROMs’ concentration was determined colorimetrically from the serum samples using the 

d-ROMs test kit (Diacron International Sr1, Grosseto, Italy). Regarding the automatic analysis 

of the ROMs (Brambilla et al., 2002), the analyses were carried out as described by Correa et 

al. (2022). Haptoglobin concentration was determined in the serum samples using the Tridelta 

Phase Hp Kit (Tridelta Development Ltd, Maynooth, Co., Kildare, Ireland) as previously 

described by Trevisi et al. (2017).  

Zinc concentrations in the liver and serum were analyzed using inductively coupled plasma 

optical emission spectrometry (ICP-OES, Method 985.01 A, B, and C; 135 AOAC Int., 2007) 

after wet ash sample preparation (Method 975.03 B(b); AOAC Int., 2007).  

 

Gene expression analysis in the jejunum 

Total RNA was isolated from the jejunal mucosal samples of the piglets and transformed into 

complementary DNA (cDNA) using the method described by Luise et al. (2023). Duplex Real 

Time PCR was carried out for specific genes: IAP (inhibitors of apoptosis), CLAUD4 (Claudin-

4), NFKB2 (Nuclear Factor Kappa B Subunit 2), GPX2 (Glutathione Peroxidase 2), SLC39A4 

(Solute Carrier Family 39 Member 4), and SLC30A7 (Solute Carrier Family 30 Member 7). 
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Each reaction consisted of 2 µl of cDNA and an 8 µl mix containing probe assays 

(Supplementary table S1), along with 2X TaqMan Mastermix. The assays were carried out in 

triplicate as previously described by Trevisi et al. (2023). The target gene expression was 

presented as fold change, calculated using the formula 2-ΔΔCt. 

Short Chain Fatty Acids concentration in the colon content 

The examination of SCFAs (including acetate, propionate, isobutyrate, butyrate, valerate, and 

isovalerate) and lactic acid in the colon content samples was conducted using HPLC as 

previously reported by Trevisi et al. (2023). Quantitative analysis was carried out based on an 

external calibration curve using standard solutions (Sandri et al., 2017). 

 

Morphological and immunohistochemical analysis of the jejunum mucosa 

Samples from the jejunum were preserved in 10% buffered formalin for 48 hours and 

subsequently embedded in paraffin for the morphological assessments. Sections of paraffin 

were then stained with hematoxylin and eosin. Measurements of the height and width of 30 villi 

as well as the width and depth of 30 crypts were taken from each sample. Only villi and crypts 

aligned perpendicularly to the muscularis mucosae were selected for the morphometric study. 

Using a conventional microscope linked to a digital camera and computer with Cytometry 

software (Byk Gulden, Milan, Italy), the sections were examined at a lower magnification. 

Villus height was defined as the distance from the base of the crypt to its top, while crypt depth 

was measured from its base to the level of the crypt opening. The mucosal to serosal 

amplification ratio (M), indicating the absorptive mucosal area in the jejunum, was computed 

as described by Correa et al. (2022). 

The samples were observed using a Nikon Eclipse Ni microscope, and the images were captured 

with a Nikon DS-Fi2 digital camera using NIS Elements software BR 4.20.01 (Nikon 

Instruments Europe BV, Amsterdam, The Netherlands). A 20X objective lens was utilized for 

the morphometric assessments. 

Regarding the immunohistochemical procedure, the avidin-biotin peroxidase complex (ABC) 

technique was utilized. The paraffin sections initially underwent deparaffinization and 

rehydration. Antigenic sites were exposed by heating the slides in sodium citrate buffer (pH 

6.0) using a microwave. To inhibit endogenous peroxidase, the sections were treated with a 1% 

methanol peroxidase solution for 30 minutes at room temperature. Subsequently, a 30-minute 

incubation in 0.01 M phosphate-buffered saline containing 10% goat or horse serum was carried 
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out to block nonspecific antibody binding. The slides were then left overnight at 4°C with the 

following antibodies: monoclonal mouse anti-Claudin-4 (1:300; ThermoFisher-Invitrogen, 32-

9400, clone 3E2C1), polyclonal goat anti-porcine immunoglobulin A (IgA) (1:2000; Novus 

Biologicals, NB724), and polyclonal rabbit anti-CD3 serum (1:1500; Sigma Aldrich, C7930). 

After rinsing, the slides were incubated at RT for 1 hour with biotin-conjugated secondary 

antibodies [(goat anti-rabbit IgG, horse anti-goat IgG, and goat anti-mouse IgG, each diluted 

1:200) (Vector)], followed by treatment with the ABC complex (Vector Elite Kit, Vector 

Laboratories). Visualization of the immune reactions was achieved using a 3,3’-

diaminobenzidine chromogen solution (Vector DAB Kit, Vector Laboratories), and Toluidine 

blue was used to counterstained the sections. 

Quantitative assessment of the IgA cells followed the protocol described by Bianco et al. 

(2014). The IgA-positive cell counts were carried out in two functional regions of the intestinal 

lamina propria: 1) along the villus axis and 2) interspersed within the crypts. The IgA-positive 

cell density was quantified and expressed as the number of immunoreactive IgA cells per 4000 

μm2. The lamina propria region was manually outlined to exclude significant blood vessels and 

epithelial cells. 

For Claudin-4 immunoreactivity assessment, 10 villi from each sample were examined. The 

sections were graded based on Claudin-4 presence, distribution and intensity, using the 

following scores: 1: light/limited staining, 2: moderate staining, and 3: intense staining, as 

detailed by Correa et al. (2022). 

The distribution and count of jejunal Intra-epithelial lymphocytes, T lymphocytes along the 

villi and the lamina propria between the crypts were assessed in three distinct areas: the first 

within the enterocytes above the epithelial basal lamina, the second within the lamina propria 

along the villus axis, and the third within the lamina propria interspersed with the crypts, as 

previously defined by Vega-López et al. (2001). The analyses involved 10 villi and 10 crypts 

per piglet. 

 

Bacterial DNA extraction and bioinformatic analysis 

The DNA extraction was carried out on 62 samples in total. The bacterial DNA present in the 

colonic content was isolated using the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa 

Ana, Ca, USA) following the instructions provided. To assess DNA concentration and purity, 
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spectrophotometric analysis was carried out using the NanoDrop instrument (Fisher Scientific, 

Schwerte, Germany). 

The V3-V4 regions of the 16S rRNA gene (~460 bp) were targeted for amplification. The 

amplification process utilized universal primers Pro341F: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNBGCASCAG-3’ and 

Pro805R: 

5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACNVGGGTATCTAAT

CC-3’ as detailed by Takahashi et al. (2014). Platinum™ Taq DNA Polymerase High Fidelity 

(Thermo Fisher Scientific, Italy) was used. The Illumina MiSeq platform was utilized for 

sequencing with a 300x2bp configuration. Library preparations adhered to the standard MiSeq 

Reagent Kit V3 protocol, and sequencing took place on the MiSeq instrument (Illumina Inc., 

San Diego, Ca, USA). 

For bioinformatic analyses, the DADA2 pipeline (Callahan et al., 2016a) was used, and the 

Silva database (Quast et al., 2013) (version 138.1) was used for the taxonomic assignments. 

After primers removal, both forward and reverse reads were trimmed at positions 290 and 250, 

respectively, based on the average quality scores. Default settings for other parameters within 

the DADA2 analysis were retained. 

 

Statistical Analyses 

R version 3.6 was used to carry out the statistical analyses, with the packages “car” 3.1-1 (Fox 

and Weisberg, 2019), “lm4” 1.1-31 (Bates et al., 2015), and “lsmeans” 2.30-0 (Lenth, 2021).  

The four groups were arranged based on a 2 x 2 factorial design, taking into consideration the 

class of birth BW and diet. Prior to initiating the statistical assessments, the data distributions 

were examined. Parameters, such as BW, Average Daily Gain (ADG), fecal score, intestinal 

content pH, ROMs, Hp, gene expression, SCFA and morphological metrics underwent analysis 

using a linear mixed model. This model included diet, class of BBW and their interaction as 

fixed factors, with the litter as a random factor. Conversely, for FI and Gain to Feed (G:F) ratio, 

the pen was considered as experimental unit. These parameters were included into a linear 

model with diet and class of BBW as fixed factors. Non-significant interaction terms were 

omitted. Furthermore, the R packages vegan 2.6 (Dixon, 2003), phyloseq 1.38.0 (McMurdie 

and Holmes, 2011), and microbiomeMarker 1.0.2 (Cao et al., 2022) were used for statistical 
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analyses on alpha diversity, beta diversity, and taxonomic composition. For alpha diversity, the 

Chao1, Shannon and Simpson indices were calculated, and differences among the groups were 

analyzed using a linear model. Diet, class of BBW, their interaction and sequencing depth were 

included in the model. The beta diversity was calculated utilizing the Bray Curtis distance 

matrix, visualized via a Nonmetric multidimensional scaling (NMDS) plot. The effects of class 

of BBW and diet were tested using a non-parametric PERMANOVA model (Adonis test) with 

999 permutations. Differential abundance analysis concerning various taxa was carried out 

using Linear discriminant analysis Effect Size (LefSe) (Segata et al., 2011), integrated within 

the microbiomeMarker package (v 1.0.2). Data were aggregated at the genus level, with a cut-

off value set at 3 and a P.adj < 0.05 being considered significant for the LefSe analysis. 

The results were declared significant at P < 0.05, while P > 0.05 and P < 0.10 were considered 

as tendencies. 

 

Results 

Health and performance 

Two piglets out of 64 were excluded from the study due to reduced FI during the first week 

post weaning and the consequent loss in BW (one in the COLBBW and one TRTLBBW).  

Supplementary table S2 reports the fecal scores of the four groups during the different periods. 

No effect of diet, class of BBW and their interaction was observed on the fecal score. 

Nevertheless, from d4 to d9 (data not shown, post weaning acute phase), there was a decrease 

in the fecal consistency; overall, the piglets were healthy since the average fecal score was 

below 3 (cut-off for diarrhea). 

Table 2 reports the effect of the Zn source and the class of BBW on growth performance. The 

interaction between diet and class of BBW was never significant. The BW was not affected by 

diet at d7, d9 and d21, while at d14, the piglets from the TRT group tended to be heavier than 

the piglets from the CO group (P = 0.09). The class of BBW significantly influenced the BW 

of the piglets whereas the NBBW piglets were heavier than the LBBW piglets at all the time 

points (P < 0.001). The ADG was not affected by diet in the periods from d0 to d7, from d0 to 

d14, from d0 to d21 and from d9 to d21, while it tended to be higher in the TRT group as 

compared with the CO group when considering the periods from d0 to d9 (P= 0.07) and from 

d9 to d14 (P =0.08). No differences were observed in the BBW class in the periods from d0 to 
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d7, from d0 to d9, from d0 to d14 and from d0 to d21, while it affected the ADG in the periods 

from d9 to d14 and from d9 to d21; the NBBW piglets had a higher ADG as compared with the 

LBBW piglets (P <0.01). The FI was never affected by diet in all the periods analyzed, while 

the BBW class influenced the piglet FI in the periods from d0 to d14, from d0 to d21, from d9 

to d14 and from d9 to d21, resulting in a higher FI in the NBBW group (P < 0.01). The G:F 

ratio was affected by diet considering the periods from d0 to d7 (P =0.05), from d0 to d9 (P 

=0.04), from d0 to d14 (P =0.02) and from d0 to d21 (P =0.04), resulting in a higher G:F ratio 

for the TRT group as compared with the CO group. The BBW class never affected the G:F ratio 

except for a tendency from d0 to d9 (P=0.09) when the LBBW piglets had a higher G:F ratio 

as compared to the NBBW piglets. 

 

Blood and liver parameters 

The effect of the Zn source and the class of BBW on Hp, ROMs, Zn values in the blood and Zn 

values in the liver are reported in Table 3. The interaction between diet and BBW class was 

never significant. Haptoglobin, ROMs and Zn, in both the blood and the liver, were not affected 

by diet or BBW class.  

 

pH values of the gut content 

The effect of the Zn source and class of BBW on the pH values of the jejunum, cecum and 

colon contents is reported in Table 4. The interaction between diet and BBW class was never 

significant. Diet and BBW class did not influence the pH values at d9. At d21, the pH of the 

jejunum content was lower in the piglets in the TRT group as compared with the CO group (P 

=0.02). The class of BBW did not influence the pH of the gut contents at d21.  

 

Concentration of short chain fatty acids in the colon content   

Table 5 reports the effect of the Zn source, the class of BBW and their interaction on the SCFA 

concentration in the colon content at d9 and d21. At d9, the interaction between diet and class 

of BBW was never significant. The isovalerate tended to be influenced by diet, resulting in a 

higher value in the CO group (P=0.06). The BBW class significantly affected acetate and 

isobutyrate, and tended to influence valerate (P=0.03, P=0.01 and P=0.09, respectively); 
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acetate and valerate were higher in the LBBW piglets while isobutyrate was higher in the 

NBBW piglets.  

At d21, the interaction between diet and BBW class affected the concentration of valerate (P= 

0.005), resulting in higher values in the COLBBW piglets as compared to the CONBBW piglets 

(P=0.02), and tended to affect the lactic acid and acetate (P= 0.09). Lactic acid and isovalerate 

were affected by diet (P= 0.04 and P= 0.02, respectively), while a tendency was observed for 

valerate (P=0.06) with higher values in the TRT piglets. Lactic acid, valerate (P= 0.06 and P= 

0.0004, respectively) and acetate were influenced by BBW class (P= 0.03), resulting in higher 

values in the LBBW piglets as compared to the NBBW piglets. In addition, the BBW class 

significantly influenced the abundance of butyrate, isovalerate and the total amount of SCFA 

(P=0.02, P=0.002, P=0.01), and tended to affect isobutyrate (P=0.06), resulting in greater 

abundances in the LBBW piglets.  

 

Colon microbial profile 

A total of 2,728,354 raw reads were obtained which were attributed to a total of 6803 amplicon 

sequence variants (ASVs). The ASVs were associated with 21 phyla, 89 families and 225 

genera. The predominant phyla comprised Firmicutes at 57±0.11%, Bacteroidota at 31±0.10%, 

Spirochaetota at 6±0.05%, and Proteobacteria at 2±0.02%. Among the most prevalent families 

were Prevotellaceae at 20±0.09%, Lachnospiraceae at 17±0.06%, Spirochaetaceae at 

6±0.05%, and Oscillospiraceae at 6±0.03%. Notably, the most abundant genera included 

Prevotella at 12±0.08%, Lactobacillus at 8±0.12%, and Treponema at 5±0.05%. Alpha and 

Beta diversity results are shown in Figures 1A and 1B, and Figures 2A and 2B. Alpha diversity 

was never affected by either diet or class of BBW, or their interaction. Regarding the Beta 

diversity, the Adonis test showed that the BBW class tended to affect the microbial structure at 

d9 (R2= 0.04, P= 0.07) and significantly affected the bacterial structure (R2= 0.05, P= 0.03) at 

d21. Figures 3A and 3B show the results of the LefSe analyses. At d9, the COLBBW piglets 

were characterized by a greater abundance of the Lachnospiraceae XPB1014 group 

(LDA_score=3.51, P.adj=0.03), Monoglobus (LDA_score=3.35, P.adj=0.01) and 

Shuttleworthia (LDA_score=3.20, P.adj=0.03). The CONBBW piglets were characterized by a 

greater abundance of Phascolarctobacterium (LDA_score=3.85, P.adj=0.04). The TRTLBBW 

pigs were characterized by a greater abundance of Intestinimonas (LDA_score=3.13, 

P.adj=0.03). At d21, the piglets from the CONBBW group were characterized by a greater 
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abundance of Succinivibrio (LDA_score=3.95, P.adj=0.02). The TRTLBBW piglets were 

characterized by a greater abundance of Streptococcus (LDA_score=3.97, P.adj=0.03) and 

Peptococcus (LDA_score=3.15, P.adj=0.01). The piglets in the TRTNBBW group were 

characterized by a greater abundance of Ruminococcus gauvreauii (LDA_score=4.09, 

P.adj=0.01). 

 

Gene expression in the jejunum mucosa 

Table 6 reports the effects of the Zn source, the class of BBW and their interaction on the gene 

expression in the jejunal mucosa at d9 and d21. The expression of NFKB-2 was significantly 

affected by the interaction between diet and BBW class (P=0.03) at d9. The expression of 

NFKB-2 was also affected by diet (P=0.02) and BBW class (P=0.005); the pairwise contrasts 

showed that the COLBBW group tended to have a higher NFKB-2 than the CONBBW group 

(P= 0.09). The other genes were not affected either by diet, BBW class or their interaction at 

d9. At d21, diet tended to affect the SLC39A4 expression, resulting in higher expression in the 

CO group than in the TRT group (P=0.09). The other genes were not affected either by diet, 

BBW class or their interaction at d21. 

 

Intestinal morphology and immunological parameters regarding the jejunum mucosa 

Table 7 reports the effect of the Zn source, the class of BBW and their interaction on the distal 

jejunum morphology and immunohistochemical parameters at d9 and d21. At d9, a tendency 

was observed regarding an interaction between diet and BBW class involving crypt depth (P= 

0.08) and T lymphocytes in the villi (P= 0.049). Diet almost never affected the morphological 

and immunological parameters at d9. The only exception was observed in the T lymphocyte 

presence in the crypts at d9 (P= 0.0005), resulting in a higher value in the CO group as 

compared to the TRT group. The class of BBW tended to affect the villus width (P= 0.08) at 

d9, at which time the NBBW piglets had wider villi as compared to the LBBW piglets. An 

effect of BBW class was also observed in the villi IgA cell count at d9 (P= 0.059) and 

significantly affected the IgA positive cells in the crypts (P= 0.003). The NBBW piglets showed 

higher values in both the villi and the crypts as compared to the LBBW piglets. The T 

lymphocyte presence in the crypts was affected by BBW class (P= 0.016), resulting in higher 

values in the LBBW piglets.  
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Pairwise contrast for the T lymphocytes in the villi showed that the lowest values were observed 

in the TRTNBBW group (COLBBW vs. TRTNBBW, P =0.001, TRTLBBW vs. TRTNBBW, 

P =0.04, CONBBW vs. TRTNBBW, P = 0.002).  

On d21, the interaction between diet and BBW class influenced the absorptive mucosal surface 

(P= 0.02) and tended to influence the IgA in the villi (P= 0.06). Villus height and the villus 

height to crypt depth ratio (VH:CD) tended to be influenced by the interaction between BBW 

class and diet (P= 0.05, P= 0.06, respectively), The TRTLBBW group tended to have a higher 

T lymphocyte count in the epithelium (P= 0.049). Diet affected T lymphocyte abundance in the 

crypts (P= 0.04) whereas the CO piglets had higher values. The class of BBW affected villus 

height, the absorptive mucosal surface and the VH:CD ratio (P=0.005, P=0.008, P=0.008, 

respectively), resulting in higher values in the NBBW piglets. The T lymphocytes in the crypts 

were affected by BBW class (P=0.0002), resulting in higher values in the LBBW group. An 

effect of BBW class was also observed by the presence of IgA in the villi (P=0.04) and T 

lymphocytes in epithelium and tended to influence the Claudin-4 score (P=0.0002, P=0.09, 

respectively).  

The COLBBW group had lower absorptive mucosal surface values as compared to the 

CONBBW group (P=0.08). The CONBBW piglets had greater villus height and a higher 

VH:CD ratio as compared to the COLBBW group (P=0.06, P=0.08, respectively). The 

TRTLBBW group had a higher number of T lymphocytes in the epithelium as compared to the 

CONBBW group (P=0.02). 

  

Discussion 

This study highlighted the positive effect of a porous source of ZnO in maintaining gut integrity 

and sustaining the feed efficiency in post-weaning piglets born with a low or a normal birth 

BW.   

Birth BW was confirmed to be a key factor for the intestinal maturation (Collins et al., 2017) 

as observed by the enhanced outcomes of the ADG and FI in the NBBW piglets as compared 

to the LBBW piglets. The BW of low and normal birth BW piglets remained well differentiated 

on the day of weaning; this difference was maintained during the entire experimental period.  

Regardless of the effect of birth weight, the Zn source did not affect the FI of the animals; 

however, the piglets receiving the porous source of ZnO had a better G:F ratio in the early post-
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weaning period which is a positive indicator of the intestinal health status (Chalvon-Demersay 

et al., 2021). This result could have been linked to the physical characteristics of the Zn source 

tested (Peng et al., 2019). In fact, the source of Zn used in the present study is characterized by 

a higher porosity and fine grinding (Long et al., 2017) compared to the ZnSO4, which is 

characterized by high solubility.  

In the present study, the positive effect of the porous Zn source on gut health was able to be 

observed in the reduced jejunal pH; a low pH in the jejunum content has been associated with 

an increase in the production of SCFA derived from the bacterial fermentation of the 

carbohydrate. However, due to the 12 hours of fasting prior to the sacrifice, it was not possible 

to analyze the SCFA concentration in the jejunal content since there was not enough content. 

As a consequence of the lower pH in the jejunum, a subsequent reduction in the colon pH in 

the groups fed with the porous Zn would have been expected. Nevertheless, no difference was 

observed in the colon pH. However, the present study showed a significant effect of the porous 

Zn source on the cecum SCFA profile, especially at d21 post-weaning. The TRT group had a 

higher concentration of isovalerate, which is a primary metabolite of the protein fermentation 

(Bekebrede et al., 2022), and a lower concentration of lactate as compared to the piglets fed 

ZnSO4. In contrast to the result reported by Michiels et al. (2013), in the present study, the Zn 

source did not affect the acetate concentration in the cecum. Although the results regarding the 

SCFA might indicate a reduction in digestive capacity in favor of proteolytic fermentation, the 

present results regarding the G:F ratio and the morphological parameters did not show a 

detrimental effect on the gut functionality of the piglets in the TRT group which was more 

efficient. The difference in lactate concentration is of interest. The ability of ZnO to reduce the 

abundance of Lactobacillus spp. is well known (Starke et al., 2014; Wei et al., 2020), although 

this effect has only been studied in pigs supplemented with high dietary ZnO concentrations. A 

possible explanation for these results could be the modulatory pharmacological ZnO-like effect 

of the Zn source tested on the gut microbial profile, even when administered at lower doses. 

Previous studies have shown a greater effect of Zn when a porous source is used as compared 

to a ZnO source (Vahjen et al., 2016). Although the present findings showed that the Zn source 

did not profoundly affect the alpha and beta diversity indices, some differences in the taxa 

abundance were observed. Currently, the knowledge available regarding the pig gut microbiota 

is not sufficient to strongly support a conclusion regarding the effect of a few taxa on a complex 

ecosystem, such as that of the GIT. However, generating data in order to provide knowledge 

regarding this complex topic is important. In the present study, taxa abundance was influenced 
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by both the Zn source and the birth BW class as well as by time. At d9, the TRTLBBW group 

had a greater abundance of Intestinimonas which has the potential of producing SCFA, 

especially butyrate, from both amino acids and sugars (Bui et al., 2016).  

The COLBBW piglets were characterized by a higher relative abundance of Lachnospiraceae, 

known for their ability to degrade starch and plant-derived matrices (Sun et al., 2021), and 

Shuttleworthia, obligate anaerobes which are capable of producing butyrate as a major product 

(Helm et al., 2021). The CONBBW piglets were characterized by a higher relative abundance 

of Phascolarctobacterium which is known to produce propionate (Watanabe et al., 2012). 

At d21, the piglets from the CONBBW group had a greater relative abundance of Succinivibrio 

genus which is capable of degrading complex carbohydrates (Zhao et al., 2020). Meanwhile, 

the TRTLBBW piglets were characterized by a higher relative abundance of Streptococcus 

which can produce branched chain fatty acids (isobutyrate and isovalerate) as a final product; 

this result supported the higher isovalerate observed at d21 in the TRT group. Finally, the 

TRTNBBW group had a higher relative abundance of Ruminococcus gauvreauii which is 

positively related to the production of SCFA, mainly to the production of acetate as an end 

fermentation product (Toya et al., 2020).  

The discrepancies observed between the results of quantified SCFA and the expected SCFA 

production based on discriminated taxa may have been due to the limitation of the method used 

to characterize the microbiota which was based on DNA and lacked the ability of identifying 

the real active microbes in the gut (Ramos Meyers et al., 2022).  

For the most part, in the present study, the microbial composition was mainly influenced by the 

BBW of the piglets. The relationship between the gut microbiome and the BBW of the piglets 

had previously been identified by some studies (Kiros et al., 2019; Luise et al., 2021b; Pluske 

et al., 2018b), suggesting that the interplay between the bacteria composition and the host could 

be affected by the physiological development of the piglets and, in turn, affect their additional 

development.  

As defined by Chalvon-Demersay et al. (2021), in addition to the microbiota profile and 

functions, gut health for monogastric animals is defined by a proper gut morphology and its 

immune fitness. As expected, in this study, the NBBW piglets had a higher villus height, 

VH:CD ratio and absorptive mucosal surface than the LBBW piglets, confirming that a better 

capacity to cope with the stressful period of weaning is linked to the weight of the piglets. 

Moreover, it is possible that the alteration of the morphological features could be linked to the 



 

98 
 

delayed development of the small intestine and not merely to the weaning process (Michiels et 

al., 2013). At weaning, the pig gut is exposed to novel antigens, and the appropriate 

development and tuning of immune responses is important in providing a prompt response 

against infections (Bailey et al., 2005). Mucosal immunity is characterized by inductive sites, 

represented mainly by the mucosal-associated lymphoid tissue (MALT) and the effector sites, 

such as lymphocytes, plasma cells, macrophages, dendritic cells and mast cells located in the 

lamina propria, and represents where the cell mediated and humoral immunity take place 

(Bianco et al., 2014). Furthermore, the primary intestinal line of defense based on the adaptive 

mucosal immune system consists of the polymeric immunoglobulins, the most abundant of 

which are the secretory IgA (IgAs) produced by the plasma cells located in the lamina propria 

along the gut (Trevisi et al., 2013). 

The results showed a higher IgA positive cell count in the crypts of the lamina propria than in 

the villi of the lamina propria as previously described by Allen and Porter (1973). Their results 

referred to suckling piglets; however, the same distribution was also found in the weaned piglets 

in the present study. During the post-weaning period, the decreased activation of the plasma 

cells in the gut mucosa is associated with a decrease in antigenic stimulation; this, in turn, results 

in a decreased production of IgAs which can have a positive impact on growth performance 

due to the reduced energy expenditure required to sustain the immune response (Serrano-Jara 

et al., 2022). Since the primary role of IgAs is the immunological limitation of pathogens and 

commensal bacteria, the higher values of IgA positive cells in the LBBW piglets at d21 as 

compared to the NBBW piglets could be related to an ongoing inflammatory process. This 

finding is supported by data regarding the other inflammatory markers measured. Already at 

d9, the T lymphocyte count and the gene expression of NFKB2 were higher in the COLBBW 

piglets. The NFKB2 gene encodes a protein involved in the activation of inflammatory 

pathways (Liu et al., 2017) and is associated with the activation of T lymphocytes (Beinke and 

Ley, 2004). Moreover, the T lymphocyte count was maintained higher until d21 in the villi of 

the COLBBW group. This result could indicate higher inflammation in the jejunal mucosa of 

the LBBW piglets fed ZnSO4. This was a confirmation of the model adopted in this trial as was 

also observed by Muns et al. (2016).  

In the present study, a slight effect of the Zn source was also observed in the expression of the 

SLC39A4 gene at d21. This gene encodes zinc transporter protein four (ZIP4) which is needed 

for the uptake of Zn in the intestine (Martin et al., 2013). In particular, the CO piglets showed 

a modest increase in the expression of this gene. This could have been related to the fasting 
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period associated with the high solubility of ZnSO4. In addition, due to the involvement of Zn 

in several physiological processes, the fasting could have exacerbated the expression of the 

molecular mechanisms which increase Zn intestinal uptake. A recent study by Yin et al. (2022) 

suggested that the SLC39A4 protein could also be able to self-regulate when the physiological 

Zn level is satisfied. This mechanism could explain the decreased expression of the SLC39A4 

in the intestinal mucosa of the TRT piglets. This source of Zn could have led to a faster 

fulfilment of the physiological Zn requirements as compared to ZnSO4.  

Moreover, an interesting result was the lack of any difference in Zn concentration in the liver 

and the serum of the piglets after 12 hours of fasting. This result indicated that the Zn 

physiological level was fulfilled with both Zn sources. Regarding the blood parameters, 

circulating concentrations of Hp and ROMs were analyzed to provide a direct measurement of 

the health status of the piglets. The lack of effect on the Hp concentration, even though a higher 

immune system activation was observed in the LBBW piglets fed ZnSO4, could be explained 

by the timing of the sampling. Furthermore, Hp is an early marker of inflammation as compared 

to the mucosal parameters measured (Saco and Bassols, 2023).  

 

Conclusions 

The results reported confirmed that the inclusion of 120 mg/kg from a porous form of ZnO in 

weaned pigs could be considered a valid part of the strategy in coping with the weaning stress. 

In fact, this source is characterized by the ability to both cover the Zn nutritional requirement 

and to exert a positive effect on the gut microbial ecosystem, and thus on the gut immune system 

activation. Moreover, the data supported the long-term impact of birth weight on piglet 

physiological maturity by its influence on weaning weight, impacting performance outcomes 

and gut development. Thus, the development of nutritional strategies which both meet the 

mineral requirements and promote weaning recovery by means of a local intestinal mucosal 

effect in LBBW piglets is achievable. 
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Table 1. Composition of the pre-starter diet. 

Ingredients % Analyzed composition  

Barley 24.51 Humidity (%) 10.6 

Soybean meal 48% 16.2 Crude Protein (g/100 g) 19.2 

Corn / barley flakes 15 Crude fiber (g/100 g) 3.0 

Soft wheat 10 Ether extract (%) 6.1 

Corn 10 Calcium (mg/kg) 4375 

Milk whey dried 6.5 Total phosphorus (%) 4.4 

Wheat bran 6.5 Ash (%) 5.0 

Soybean oil 2.5 Starch (%) 36.7 

Spray dried porcine plasma 2.5 Metabolized Energy (kcal/kg)3 3283 

Potato protein concentrate 1.0 Net energy (kcal/kg) 3 2459 

Soybean protein concentrate 1.0 Zinc in the CO group (mg/kg) 149.9 

Coconut oil 0.8 Zinc in the TRT group (mg/kg) 138.7 

Dicalcium phosphate 0.75   

Benzoic acid 0.5   

L-lysine hcl 0.42   

Salt 0.4   

Citric acid 0.3   

Calcium formate 0.3   

Dl-methionine 0.157   

Vitamin premix1 0.155   

L-threonine 0.15   

Aroma 0.1   

Mineral premix (no zinc)2 0.0801   

L-tryptophan 0.07   

Val-Ile-Leu-His premix 0.05   

Phytase 0.0075   

Zinc sulphate (35%) in the CO 

group 

0.0264   

HiZox (80%) in the TRT group  0.0132   

Abbreviations: CO= Zn from zinc sulphate, TRT: Zn from porous ZnO; 1Vitamin premix composition 

on 1 kg of feed: Vitamin A 16000 UI; Vitamin D3 1600 UI; Vitamin E 120 mg; Biotin 0,06 mg; Choline 

chloride 375 mg; Folic acid 0,63 mg; Niacin 37,50 mg; D-Calcium-pantothenate 9,73 mg; Vitamin B1 

6,25 mg; Vitamin B12 0,04 mg; Vitamin B2 6,25 mg; Vitamin B6 6,25 mg; Vitamin K3 3,13 mg; 
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2Mineral premix (%): Iron sulphate 0.04, copper sulphate 0.02, manganese oxide 0.01, potassium iodide 

0.0001; 3 Metabolized and Net energy were estimated using the Noblet equation.   
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Table 2. The effect of zinc administration, body weight category, and their interaction on the 

performance outcomes of post-weaning piglets. 

Item 

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category Diet*BBW Category 

BW, g 

d0 6347 6350 7844 7813 205.0 0.93 <0.001 0.92 

d7 6678 6811 8078 8164 218.0 0.55 <0.001 0.90 

d9 6821 7041 8271 8346 216.0 0.43 <0.001 0.70 

d14 8179 8797 9977 10590 312.0 0.09 <0.001 0.99 

d21 11069 11769 13192 13653 553.0 0.20 <0.001 0.79 

ADG, g/day  

d0-d7 49.8 68.4 33.8 52.9 12.50 0.13 0.20 0.99 

d0 -d9 55.6 79.9 49.0 62.6 10.40 0.07 0.25 0.61 

d0-d14 137 171 167 192 23.30 0.13 0.16 0.83 

d0-d21 228 256 264 274 20.20 0.32 0.10 0.60 

d9-d14 246 331 370 432 53.40 0.08 <0.01 0.78 

d9-d21 337 378 422 436 31.10 0.31 <0.01 0.59 

Feed Intake, g1 

d0-d7 95.7 89.7 94.0 86.3 7.70 0.35 0.72 0.91 

d0-d9 111 111 119 117 7.50 0.86 0.32 0.91 

d0-d14 201 201 231 242 18.30 0.70 0.01 0.73 

d0-d21 325 337 377 380 23.30 0.72 0.008 0.82 

d9-d14 334 366 426 469 42.20 0.26 0.003 0.87 

d9-d21 475 509 567 580 37.80 0.48 0.005 0.73 

Gain to feed1 

d0-d7 0.45 0.75 0.32 0.52 0.130 0.05 0.16 0.71 

d0-d9 0.46 0.71 0.40 0.49 0.080 0.04 0.09 0.32 

d0-d14 0.67 0.83 0.68 0.79 0.070 0.02 0.75 0.68 

d0-d21 0.69 0.76 0.69 0.72 0.020 0.04 0.26 0.31 

d9-d14 0.72 0.88 0.84 0.92 0.080 0.10 0.23 0.58 

d9-d21 0.70 0.75 0.74 0.75 0.020 0.24 0.25 0.41 

Abbreviations: BW= Body weight; ADG= Average Daily Gain; CO= Zn from zinc sulphate, TRT: Zn 

from porous ZnO; LBBW= low birth body weight; NBBW: normal birth body weight; 

1For feed intake and gain to feed, the pen was considered as experimental unit: n=8 for each group
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Table 3. The effect of zinc administration, body weight category, and their interaction on the blood and the liver zinc, and Reactive Oxygen Metabolite and 

Haptoglobin concentration of post-weaning piglets at d9 and d21, calculated on an individual basis. 

Item  

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category  Diet*BBW Category  

d9 

Zn blood, mg/kg 0.57 0.50 0.62 0.63 0.150 0.82 0.53 0.79 

Zn liver, mg/kg 52.5 51.3 44.6 50.2 5.360 0.67 0.39 0.52 

ROM, mmol H2O2/L 28.7 28.1 29.4 31.1 1.850 0.74 0.30 0.52 

Haptoglobin, mg/mL 1.80 2.01 2.28 1.98 0.200 0.77 0.24 0.19 

d21 

Zn blood, mg/kg 1.21 1.14 2.38 1.60 0.590 0.36 0.11 0.49 

Zn liver, mg/kg 49.1 50.4 47.0 45.0 4.240 0.95 0.34 0.68 

ROM, mmol H2O2/L 27.1 26.1 21.7 27.2 2.510 0.27 0.37 0.17 

Haptoglobin, mg/mL 0.99 0.62 0.42 0.75 0.250 0.99 0.39 0.16 

Abbreviations: CO= Zn from zinc sulphate, TRT= Zn from porous ZnO; LBBW= low birth body weight; NBBW= normal birth body weight.  
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Table 4. The effect of zinc administration, body weight category, and their interaction on the pH of the jejunum, cecum, and colon content of post-weaning piglets 

at d9 and d21, calculated on an individual basis. 

Item 

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category  Diet*BBW Category  

pH d9 

Jejunum 7.52 7.25 7.40 7.32 0.130 0.17 0.82 0.45 

Caecum 6.46 6.65 6.39 6.52 0.160 0.30 0.51 0.84 

Colon 6.67 6.76 6.64 6.77 0.130 0.34 0.94 0.89 

pH d21 

Jejunum 7.58 7.32 7.57 7.29 0.120 0.02 0.88 0.89 

Caecum 6.82 6.85 6.99 6.90 0.130 0.76 0.34 0.61 

Colon 6.90 6.70 6.66 6.52 0.180 0.33 0.24 0.87 

Abbreviations: CO= Zn from zinc sulphate, TRT= Zn from porous ZnO; LBBW= low birth body weight; NBBW= normal birth body weight.  
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Table 5. The effect of zinc administration and body weight category, and their interaction on SCFA and lactate in the colon content of post-weaning piglets at d9 

and d21, calculated on an individual basis. 

Item 

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category BBW Category*Diet 

d9 
 

Lactic acid, mg/ g 0.27 0.49 0.68 1.18 0.490 0.45 0.25 0.78 

Acetate, mg/g 8.99 8.95 7.38 4.81 1.320 0.34 0.03 0.34 

Propionate, mg/g 6.26 6.07 5.09 5.23 1.490 0.98 0.48 0.91 

Isobutyrate, mg/g 2.14 2.43 4.09 3.95 0.750 0.91 0.01 0.77 

Butyrate, mg/g 7.07 7.18 8.21 6.66 1.450 0.63 0.81 0.56 

Isovalerate, mg/g 3.33 3.05 5.95 3.10 0.820 0.06 0.11 0.12 

Valerate, mg/g 2.18 2.24 2.02 2.07 0.110 0.60 0.09 0.97 

Total, mg/g 29.10 29.50 31.50 25.10 3.840 0.41 0.79 0.34 

d21 
 

Lactic acid, mg/g 1.85 0.40 0.49 0.64 0.590 0.04 0.06 0.091 

Acetate, mg/g 8.66 7.52 3.95 7.94 1.640 0.60 0.03 0.091 

Propionate, mg/g 4.47 6.77 3.68 5.30 1.470 0.15 0.44 0.80 

Isobutyrate, mg/g 2.76 2.50 1.86 2.13 0.350 0.95 0.06 0.37 

Butyrate, mg/g 12.59 7.65 3.96 4.69 2.510 0.41 0.02 0.22 

Isovalerate, mg/g 2.46 2.90 2.17 2.34 0.140 0.02 0.002 0.31 

Valerate, mg/g 2.15a 1.98ab 1.85b 2.02ab 0.060 0.06 0.0004 0.0052 

Total, mg/g 32.90 28.30 17.10 24.20 4.290 0.67 0.01 0.11 
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Abbreviations: CO= Zn from zinc sulphate, TRT= Zn from porous ZnO; LBBW= low birth body weight; NBBW= normal birth body weight; COLBBW= Zn from 

zinc sulphate, low birth body weight; CONBBW= Zn from zinc sulphate, normal birth body weight; TRTLBBW= Zn from porous ZnO, normal birth body weight; 

TRTNBBW= Zn from porous ZnO, normal birth body weight; 

1Contrasts between groups were not significant; 

2COLBBW vs CONBBW P= 0.02  
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Table 6. The effect of zinc administration and body weight category, and their interaction on gene expression in the jejunum mucosa of post-weaning piglets at d9 

and d21, calculated on an individual basis. 

Item 

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category BBW Category*Diet 

d9 

NFKB2 0.13 -0.03 -0.05 0.02 0.050 0.02 0.005 0.031 

IAP -0.21 -0.11 -0.12 -0.07 0.120 0.53 0.57 0.84 

CLAUD-4 0.005 0.09 0.05 0.08 0.060 0.29 0.79 0.66 

SLC39A4 -0.19 -0.15 -0.12 -0.07 0.100 0.59 0.43 0.94 

SLC30A7 -0.08 -0.08 -0.08 0.04 0.060 0.34 0.39 0.27 

GPX2 0.06 0.001 0.09 -0.04 0.100 0.18 0.98 0.66 

d21 

NFKB2 0.04 0.002 0.03 -0.08 0.050 0.18 0.35 0.48 

IAP 0.19 0.02 0.13 0.11 0.090 0.30 0.86 0.35 

CLAUD-4 0.15 0.09 0.02 0.07 0.060 0.95 0.22 0.37 

SLC39A4 0.04 -0.07 0.14 -0.06 0.090 0.09 0.57 0.62 

SLC30A7 0.03 0.03 0.06 -0.03 0.070 0.49 0.75 0.51 

GPX2 -0.05 0.16 -0.07 -0.02 0.130 0.34 0.44 0.54 

Abbreviations: NFKB2: Nuclear Factor Kappa B Subunit 2; IAP: Inhibitor of apoptosis; CLAUD-4: Claudin-4; SLC39A4: Solute Carrier Family 39 Member 4; 

SLC30A7: Solute Carrier Family 30 Member 7; GPX2: Glutathione Peroxidase 2; CO= Zn from zinc sulphate, TRT= Zn from porous ZnO; LBBW= low birth body 

weight; NBBW= normal birth body weight; COLBBW= Zn from zinc sulphate, low birth body weight; CONBBW= Zn from zinc sulphate, normal birth body 

weight. 

1COLBBW vs CONBBW, P=0.09 
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Table 7. The effect of zinc administration and body weight category, and their interaction on the distal jejunum morphology, IgA positive cells, T lymphocytes, 

and Claudin-4 evaluation of post-weaning piglets at d9 and d21, calculated on an individual basis. 

Item 

LBBW NBBW 

SEM 

P-value 

CO 

(n=15) 

TRT 

(n=15) 

CO 

(n=16) 

TRT 

(n=16) 
Diet BBW Category BBW Category*Diet 

d9   

Villus height, µm 177.00 180.00 193.00 183.00 14.800 0.82 0.52 0.64 

Villus width, µm 80.90 90.10 94.50 91.10 4.040 0.47 0.08 0.12 

Crypt depth, µm 177.00 189.00 188.00 179.00 6.140 0.17 0.20 0.083 

Crypt width, µm 39.20 37.70 38.80 37.70 1.760 0.45 0.89 0.92 

Mucosal to serosal 

amplification ratio 
4.37 4.60 4.80 4.59 0.340 0.98 0.54 0.52 

VH:CD ratio 1.01 0.97 1.03 1.02 0.080 0.78 0.65 0.86 

IgA2 

Villus 1.24 1.23 1.30 1.74 0.150 0.11 0.059 0.12 

Crypt 2.83 2.75 4.01 3.29 0.310 0.15 0.003 0.29 

T-lymphocytes1 

Epithelium 9.90 9.01 7.73 9.28 0.890 0.72 0.29 0.18 

Villus 10.97a 8.63a 10.77a 4.46b 1.040 0.097 0.89 0.0494 

Crypt 8.98 6.43 7.11 5.07 0.670 0.0005 0.016 0.70 

Claudin-42 2.00 2.25 2.00 2.25 0.260 0.33 1.00 1.00 

d21 

Villus height, µm 204a 222ab 264b 224ab 14.90 0.41 0.005 0.055 

Villus width, µm 106 107 111 111 4.070 0.79 0.19 0.95 
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Crypt depth, µm 208 218 204 217 8.700 0.18 0.76 0.90 

Crypt width, µm 38.0 38.1 38.3 38.9 1.100 0.74 0.58 0.79 

Mucosal to serosal 

amplification ratio 
4.64a 5.14ab 5.78b 4.84ab 0.320 0.29 0.008 0.026 

VH:CD ratio 0.99a 1.03ab 1.31b 1.04ab 0.080 0.74 0.008 0.066 

IgA1 

Villus 1.17 1.50 1.76 1.35 0.190 0.24 0.04 0.063 

Crypt 4.42 4.36 4.44 4.67 0.270 0.62 0.50 0.54 

T-lymphocytes1 

Epithelium 10.46a 10.12a 6.70b 9.21ab 0.720 0.75 0.0002 0.0497 

Villus 9.94 7.58 9.35 9.03 0.940 0.18 0.65 0.28 

Crypt 7.40 5.30 5.03 4.30 0.780 0.04 0.002 0.23 

Claudin-42 1.43 1.14 1.75 1.50 0.200 0.18 0.09 0.93 

Abbreviations: VH:CD ratio= villus height to crypt depth ratio; CO= Zn from zinc sulphate, TRT= Zn from porous ZnO; LBBW= low body weight; NBBW= 

normal body weight; COLBBW= Zn from zinc sulphate, low birth body weight; CONBBW= Zn from zinc sulphate, normal birth body weight; TRTLBBW= Zn 

from porous ZnO, normal birth body weight; TRTNBBW= Zn from porous ZnO, normal birth body weight 

1Expressed on a 4000 μm2 of jejunum tissue area; 

2Claudin score: 1 = light/scarce staining; 2= moderate staining; 3= intense staining; 

3Contrasts between groups were not significant; 

4Pairwise P-value COLBBW vs TRTNBBW = 0.001, TRTLBBW vs TRTNBBW = 0.04, CONBBW vs TRTNBBW = 0.002; 

5Pairwise P-value COLBBW vs CONBBW = 0.06; 

6Pairwise P-value COLBBW vs CONBBW = 0.08; 

7Pairwise P-value COLBBW vs CONBBW = 0.01, TRTLBBW vs CONBBW = 0.02; CONBBW vs TRTNBBW = 0.09.  
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Figures  

 

Fig. 1 A and B. The effect of zinc administration and body weight category on the Alpha diversity indices in 

the colon content samples of post-weaning piglets at d9 and d21. CO= Zn from zinc sulphate, TRT= Zn from 

porous ZnO; LBBW= low birth body weight; NBBW= normal birth body weight. 

 

Fig. 2 A and B. The effect of zinc administration and body weight category on Beta diversity in the colon 

content samples of post weaning piglets at d9 and d21. CO= Zn from zinc sulphate, TRT= Zn from porous 

ZnO; LBBW= low birth body weight; NBBW= normal birth body weight. 
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Fig. 3 A and B. Linear discriminant analysis effect size (LEfSe) plots of the biomarker taxa for each 

experimental group at the genus level in the colon content at d9 and d21. COLBBW= Zn from zinc sulphate, 

low birth body weight; CONBBW= Zn from zinc sulphate, normal birth body weight; TRTLBBW= Zn from 

porous ZnO, normal birth body weight; TRTNBBW= Zn from porous ZnO, normal birth body weight. 

 

Supplementary material 

Supplementary table S1. Genes and Assay ID used for the real time analyses in the jejunum of 

post weaning piglets. 

Target gene Complete name Assay Id 

TaqMan®  

Gene Expression  

Assay Catalogue n. 

GPX-2 Glutathione Peroxidase 2 Ss03387478_u1 4351372 

NFKB2 Nuclear Factor Kappa B Subunit 2 Ss06883741_g1 4331182 

CLAUD4 Claudin-4 Ss03375006_u1 4351372 

IAP Inhibitor of apoptosis Ss06886550_g1 4351372 

HMBS Hydroxymethylbilane Synthase Ss03388782_g1 4351372 

SLC39A4 Solute Carrier Family 39 Member 4 Ss06910319_gH 4351372 

SLC30A7 Solute Carrier Family 30 Member 7 Ss03819782_s1 4351372 
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Supplementary table S2. Effect of different sources of Zinc administration and body weight 

category on the fecal score of post-weaning piglets on the overall period calculated on individual 

basis. 

Item 

Diet 

SEM P-value 

BBW category 

SEM P-value CO 

(n=16) 

TRT 

(n=15) 

LBBW 

(n=15) 

NBBW 

(n=16) 

Fecal score 

d0-d7 2.14 2.12 0.04 0.69 2.13 2.12 0.04 0.82 

d0-d9 2.15 2.12 0.04 0.44 2.14 2.13 0.04 0.70 

d0-d14 2.14 2.10 0.03 0.33 2.10 2.13 0.03 0.53 

d0-d21 2.10 2.07 0.02 0.33 2.07 2.09 0.02 0.51 

d9-d14 2.04 2.01 0.02 0.37 2.04 2.01 0.02 0.33 

d9-d21 2.02 2.01 0.01 0.35 2.02 2.00 0.01 0.31 

Abbreviations: CO= Zn from Zinc sulphate, TRT: Zn from porous ZnO; LBBW: low body weight; 

NBBW: normal body weight  
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Highlights 

• Early weaning can lead to developmental and digestive problems in weaned pigs. 

• Better feed conversion efficiency due to physiological differences in piglets weaned later can 

contribute to improve growth performance. 

• In early weaned piglets, the porous form of zinc oxide supplementation may reduce intestinal 

damage promoting a better gut ecosystem. 

 

Abstract 

Early weaning can impact the gut health in nursery pigs and some forms of zinc (Zn) may reduce its 

negative effects. The study aims to evaluate the effect of a porous form of Zn oxide (Hi) compared to 

Zn sulphate (SO4) and Zn glycinate (Gly) on performance, and gut health of piglets weaned at 

different ages. Ninety-six piglets were divided in 6 groups (2 x 3 factorial design), weaned at Early 

(E, 21 days) or Normal (N, 26 days) age and receiving either SO4, Gly, or Hi to achieve 150 mg Zn/kg 

of feed. Piglets were weighed at weaning (d0) and weekly until d21. Faecal score and feed intake 

were recorded daily. On d8 and d21, 8 pigs/group were slaughtered. Oxidative status was assessed 

on blood; morphology and genes expression were assessed on jejunum tissue and microbiota and 

volatile fatty acids (VFAs) on jejunum content. The pH was recorded on jejunum, cecum, and colon 

content. Data were analysed using a linear and ANOVA mixed model including diet, weaning age, 

their interaction, and the batch as fixed factors and litter of origin as random factor. Weaning age had 

a significant effect on body weight (BW) throughout the study (P<0.001), being higher in N piglets. 

In the period d7-d14, the gain to feed ratio was higher in the N group (P= 0.03). At d8, villus height 
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and villus height to crypt depth ratio (VH:CD) tended to be higher in the N group (P<0.10). At d8, 

the EHi piglets had a lower jejunum pH (P= 0.04) and a higher lactic acid concentration (P=0.05) 

compared to EGly. The Hi favoured the abundance of Lactobacillaceae family (LDA_score = 4.16, 

P.adj = 0.04). At d21, the GPX-2 expression was higher in NGly piglets compared to NHi (P= 0.02) 

and crypt depth was lower in EHi than ESO4 (P = 0.02), while VH:CD was higher in EHi group 

compared to ESO4 (P= 0.04). Weaning age impacted piglets’ performance and gut physiology. 

Feeding pigs with a porous form of ZnO was able to positively modify the small intestinal ecosystem 

and the morphological parameters. 

 

Keywords 

Early weaning; Zinc sources; Lactobacillaceae; Jejunum morphology, Gut health   

 

1.  Introduction 

Weaning, for a piglet, is characterised by severe and abrupt physiological, environmental, and social 

hurdles that can predispose it to illness and production losses. Piglets are exposed to a variety of 

stressors at this time, including rapid separation from the sow, transport and handling stress, a new 

feed supply, social hierarchy stress due to mixing with piglets from other litters, and a new physical 

environment. All of these factors can contribute to increased pathogen exposure (Campbell et al., 

2013). If the pig's ability to cope with these weaning stressors is inadequate, a reduced feed intake 

(FI) may be observed, resulting in increased gut permeability that in turns cause health issues. 

Therefore, the occurrence of post-weaning diarrhoea in newly weaned piglets is common, resulting 

economic losses due to piglet morbidity, mortality and treatment costs (Holman et al., 2021). The 

weaning age can vary between production systems. According to European legislation, piglets cannot 

be weaned before 28 days old unless for welfare or health reasons which lead to the reduce of the 

minimum age to 21 days, coupled with the moving of piglets to a specific infrastructure (“EU 

Directive 2008/120/EU”). On one hand, sows' reproductive efficiency is harmed if piglets are weaned 

too late (Knox et al., 2013). On the other hand, early weaning, rather than late weaning, has been 

associated to higher degrees of digestive health challenges of piglets which have underdeveloped 

digestive and immune systems (Smith et al., 2010; Moeser et al., 2017). The intestinal immaturity 

combined with the interruption in the supply of immunoglobulins and other components from the 

milk contributes to an increased susceptibility to pathogens, increasing disorders and disease of early 

weaned piglets (Cao et al., 2022; St-Pierre et al., 2023). Indeed it is well known that piglets weaned 
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between 14 and 23 days of age had a significantly worse growth performance than pigs weaned 

between 28 and 35 days of age (Do, 2012; McLamb et al., 2013; Ming et al., 2021). Furthermore, 

there is a linear increase in the growth performance of weaned pigs with increasing weaning age up 

to 25 days, which appears to be the optimum weaning age (Faccin et al., 2020a; Faccin et al., 2020b). 

In order to prevent the gut health impairment, especially in early weaned pigs, even more in the 

production systems where antimicrobial growth promoters as well pharmacological dose of ZnO are 

forbidden, the choice of the proper sources of nutrient is of utmost importance. Among nutrients, in 

piglet's, Zn requirement fulfilment is fundamental. It is an essential component of the enzymes which 

are involved in the metabolism of carbohydrates, proteins, and fats (Holodova et al., 2019). Indeed, 

Zn is essential for bone formation, immune function, and metabolic processes (Bonaventura et al., 

2015). This trace element is known to play an important role in supporting the immune system of 

piglets, being involved in the functioning of immune cells, and assisting in the response to infection 

and diseases (Wessels et al., 2021). Therefore, for a proper growth and development of piglets, 

especially in the early stages of life, adequate level as well form of Zn is essential (Hostetler et al., 

2003) 

Ongoing swine nutrition research explores different Zn sources and ways to optimize Zn utilization 

in diets, especially after the European ban in the use of pharmaceutical doses of ZnO in post weaning 

diets (EMA, 2017). The supplementation of the piglets’ diet with either inorganic or organic Zn is a 

standard commercial method used to meet the nutritional requirements. Organic Zn forms refers to 

the binding of the mineral to organic molecules, such as amino acids or proteins (Byrne and Murphy, 

2022). Organic Zn sources are believed to have higher bioavailability (defined as the proportion of 

the nutrient that is absorbed and utilized by the body) compared to inorganic sources like ZnO or Zn 

sulphate (ZnSO4) (Y. Zhang et al., 2018). Indeed, organic Zn sources are seems to have higher 

digestibility and availability for metabolic and immune processes of piglets (Ao et al., 2009; Feng et 

al., 2010; Liu et al., 2020).  

More recently, porous form of ZnO, characterised by a higher surface area and bigger aggregates, 

have been developed. These forms of ZnO, thanks to a high solubility can be more effective than 

ZnSO4 and equally effective than and organic form of Zn like Zn Glycinate (Zn-GLy) in maintaining 

the gut health of post weaning piglets. Furthermore, the use of a porous form of ZnO alongside with 

a Zn-Gly, at nutritional doses, could benefit early weaned piglets' intestinal physiology, reducing the 

physiological gap between early and normal weaned piglets by improving the intestinal integrity. 

Thus, the aim of the present study was to determine the effect of a porous form of Zn compared to an 
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inorganic (ZnSO4) and organic (Zn-Gly) form of Zn on performance, health status and intestinal 

mucosal morphology and inflammatory status in piglets weaned at either 21 or 26 days of age. 

 

2. Material and methods 

The in vivo trial was approved by the Ethics Committee for Experiments on Animals of the University 

of Bologna, Italy and by the Italian Ministry of Health (ID: 4401, 2216A.N.MCL, released 16th 

December 2022 in compliance with art. 31 of the D.lgs. 26/2014) and complied with the Animal 

Research Reporting of In Vivo Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020).  

 

2.1 Experimental design   

A total of 96 piglets were selected from 13 multiparous sows (from 2nd to 8th parity) in an Italian 

commercial farm (Northern Italy). The study was conducted in two consecutive batches of 48 piglets 

each. In each batch, the piglets were divided in early (21 days at weaning; average body weight (BW): 

6753.75±37 g) and normal (26 days at weaning; average body weight: 9160±66 g) weaning age. At 

weaning (d0), the piglets were transported from the commercial farm to the experimental unit of the 

University of Bologna and divided into six experimental groups in a 2 x 3 factorial design: the first 

factor was the weaning age: normal weaning age (26 days) (N) or early weaning age (21 days) (E). 

The second factor was the source of Zn added to a standard weaning diet: 1) Zn from ZnSO4 (SO4); 

2) Zn from Zn-Gly (Gly); 3) Zn from a porous form of Zinc (HiZox®) (Hi).  

Piglets of each group were divided into 8 replicates (2 piglets/replicate) balanced for the litter of 

origin and weaning BW. The piglets were fed ad libitum in a dry feeder with continuous access to the 

water. The piglets were housed in pens with a slatted floor containing enrichment material comprising 

in cotton rope and metal chain. Room temperature was kept controlled from 30 °C from the first day 

of the trial to 25 °C at the end of the trial, with a 1 °C decrease every 3 days. Moreover, infrared 

lamps were kept during the first 10 days post-weaning.  

 

2.2 Diets  

The diets composition and the calculated nutritional values are reported in Supplementary Table 

S1. The concentration of the basal Zn was analysed on the initial formula and then additional quotes 

of ZnSO4, Zn-Gly or HiZox, were added in order to reach around 150 mg/kg of total Zn in all the 
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diets. The supplemented diets were analysed to check the final concentration of Zn in each 

experimental diet (Supplementary Table S1).  

 

2.3 Measurement and sample collection 

Piglets were individually weighed at d0 and then weekly until d21 post-weaning (end of the trial). FI 

of each replicate was daily recorded. General health status and faecal consistency (based on 5 points- 

scale: 1 hard faeces – 5 watery faeces) of each piglet were daily recorded. When piglets had a fecal 

score >3, they were considered to have diarrhoea (Correa et al., 2022). 

Piglets were slaughtered at two time-points: d8 (post-weaning acute phase), one piglet/replicate (a 

total of 48 piglets) and d21 (post-weaning recovery phase; 48 piglets). Piglets were anaesthetised with 

Zoletil 100 (Virbac, Milano, Italy; 15 mg/kg BW) and then sacrificed with an intracardiac injection 

of 0.5 mL/kg BW of Tanax ® (embutramide 200 mg/m, mebenzonium iodide 50 mg/ml tetracaine 

hydrochloride 5 mg/ml; Intervet Productions srl, Aprilia, Italy). Blood samples were collected at 

slaughtering at d8 (sacrificed piglets) and d21 (the remaining piglets) in 10 mL collection tube with 

clot activator (Vacutest Kima Padova, Italy). Samples were let clotted for two hours and then 

centrifuged at 2,000 x g at room temperature for 10 minutes to obtain serum. Serum was then 

transferred to 2 mL microtubes and stored at –80°C for further reactive oxygen metabolites (ROMs) 

analysis. Intestinal content from distal jejunum, cecum, and colon was immediately sampled after the 

slaughter and processed to determine the pH value (Vio, Giorgio Bormac S.r.l., Carpi (MO) Italy). In 

addition, a sample of jejunum content was collected into a sterile collection tube, immediately frozen 

in liquid nitrogen, and then stored at -80°C for microbiota and volatile fatty acids (VFAs) analysis. 

From each piglet, two samples of distal jejunal mucosa were collected, the first one was immediately 

frozen in liquid nitrogen and then stored at -80°C for gene expression analyses, and the second one 

was fixed in buffered formalin for morphological analyses. 

 

2.4 Blood analysis 

Concentration of ROMs was detected colorimetrically from the serum samples using the d-ROMs 

test kit (Diacron International Sr1, Grosseto, Italy) after a dilution of  1:20 with distilled water and 

incubation for 5 min at 37°C with mixture containing 0.01 M acetic acid/sodium acetate buffer pH 

4.8 and N,N diethyl p-phenylenediamine as chromogen (Brambilla et al., 2002).  
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 2.5 Morphological analysis of jejunum mucosa 

For morphological analyses, the jejunum samples were fixed for 48 hours in 10% buffered formalin 

and embedded in paraffin. Paraffin thick sections (7 µm) were stained with haematoxylin–eosin for 

morphological evaluation. Analyses were carried out as previously described by (Luise et al., 2023) 

on fifteen villi and fifteen crypts from each sample were analysed.  

 

2.6 Gene expression analysis 

Jejunal mucosal total RNA was extracted using the GeneJET RNA Purification Kit (Thermo Fisher 

Scientific, Waltham, MA, USA) following the manufacturer’s instructions and treated with the 

TURBO DNA-free™ DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA, USA). After the 

RNA quality and quantity evaluation a total of 800 µg of RNA was converted into complementary 

DNA using the High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s instructions. Duplex Real Time PCR reactions contained 2 µl cDNA 

and 8 µl mix containing the Taqman Assay (Supplementary Table S2) and 2X TaqMan Mastermix 

and run in triplicate on the Applied Biosystems QuantStudio™ 7 Flex Real-Time PCR system 

(Thermo Fisher Scientific, Waltham, MA, USA). Hydroxymethylbilane synthase (HMBS) was used 

as housekeeping gene. The following genes were selected and analysed: Nuclear Factor Kappa B 

Subunit 2 (NFKB2), Claudin-4 (CLAUD4), Glutathione Peroxidase 2 (GPX-2), Solute Carrier Family 

39 Member 4 (SLC39A4) and Solute Carrier Family 30 Member 7 (SLC30A7). 

The expression of the target gene was given as fold change calculated by 2-ΔΔ Ct. 

 

2.7 Bacterial DNA extraction and bioinformatic analysis 

For the microbiota analysis, bacterial DNA extraction from jejunum content was carried out using 

HostZERO™ Microbial DNA Kit (Zymo Research, Orange, CA, USA) following the manufacturer’s 

instructions. DNA concentration and purity (absorbance ratio 260/280 and 260/230) of the isolated 

DNA were checked on the NanoDrop (Fisher Scientific, 13 Schwerte, Germany). The V3-V4 regions 

of the 16S rRNA gene (~460 bp) were amplified. Amplicons were produced using the universal 

primers Pro341F: 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNBGCASCAG-3’ and 

Pro805R: 

5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACNVGGGTATCTAATCC-3’ 
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(Takahashi et al., 2014) using the Platinum™ Taq DNA Polymerase High Fidelity (Termo Fisher 

Scientific, Italy). The libraries were prepared using the standard protocol for MiSeq Reagent Kit V3 

and sequenced on Illumina MiSeq platform 300x2bp (Illumina Inc., San Diego, Ca, USA). For the 

bioinformatics analysis, as pipeline DADA2 was used (Callahan et al., 2016b) taking in consideration 

the Silva database (Quast et al., 2013) (version 138.1) as reference for the taxonomic assignment. 

Prior analyses, the primers were removed from the raw sequences, and forward and reverse reads 

were cut at positions 290 and 250 based on the average quality score.  

 

2.8 Volatile fatty acids analysis of jejunum content 

The analysis of VFA (acetate, propionate; iso-butyrate; butyrate; valerate, isovalerate) and lactic acid 

of jejunum content samples was performed by High Performance Liquid Chromatography (HPLC) 

according to the following procedure described by Trevisi et al (2023). Quantification was done using 

an external calibration curve based on the standards described by Trevisi et al (2023).  

 

2.9 Statistical analysis 

Statistical analyses were carried out in R v3.6 environment using “lsmeans” (Lenth, 2021), “car” (Fox 

and Weisberg, 2019), and “lm4” (Bates et al., 2015) packages. The 6 groups were arranged using a 2 

x 3 factorial design, considering the weaning age (N and E) and the diet (SO4, Hi and Gly). Data of 

BW, Average Daily gain (ADG), faecal score, pH of the intestinal contents, ROMs, morphology, and 

genes expression were analysed using a linear mixed model followed by the ANOVA procedure in 

which the diet, weaning age, batch and the interaction between diet and weaning age were included 

as fixed factors and litter of origin was included as a random factor. For FI and Gain to Feed ratio 

(G:F), the replicate (pen) was used as experimental unit and data were analysed using a linear and 

ANOVA model including the diet, weaning age and their interaction as fixed factors. In addition, 

since the objective was to evaluate the advantages of Hi compared to the ZnSO4 and Zn-GLy, specific 

custom contrasts (NSO4 vs NHi; NHi vs NGly; ESO4 vs EHi; EHi vs EGly;) were carried out. For 

data that did not follow a normal distribution (VFAs), the Box-Cox normalisation was performed 

before the analysis. The batch was removed when not significant.  

Although the weaning age was not the main factor of interest in the present study, some results on 

the growth performance could be due to the different physiological age of N and E piglets. Therefore, 

since it could be interesting for the scientific purpose, a comparison between E and N piglets 
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considering the same age was carried out. In order to do that, performance data of the E group (BW, 

ADG, FI, and G:F) were shifted one week forward to reduce the physiological differences with N 

piglets and the statistical analyses were carried out as mentioned beforehand.  

The statistical analyses on alpha diversity, beta diversity and taxonomic composition were performed 

with R software using the vegan 2.6-4 (Dixon, 2003), phyloseq 1.44.0 (McMurdie and Holmes, 2011), 

and microbiomeMarker 1.6 (Cao et al., 2022) packages. Prior to the statistical analyses, abundance 

data were rarefied to the lowest sampling depth. Chao1, Shannon, and Simpson diversity indices 

where calculated and analysed using a linear model followed by ANOVA procedure including diet, 

weaning age, and their interaction as factors for the alpha diversity. Same orthogonal contrasts used 

for the other data were performed. For the beta diversity, the Bray Curtis distance matrix was 

calculated and plotted using a Nonmetric multidimensional scaling (NMDS) plot. The effects of diets, 

weaning age, and their interaction were tested using a non-parametric PERMANOVA model (Adonis 

test), with 999 permutations. The differential abundance analysis on the different taxa was performed 

using Linear discriminant analysis Effect Size (LEfSe) (Segata et al., 2011) implemented in the 

wrapper function included in the package microbiomeMarker 1.6  at the amplicon sequence variants 

(ASVs). A cut-off of 3 and P.adj<0.05 were considered for the LEfSe analysis. 

A significant effect was declared at P <0.05, and P ≥ 0.05 and ≤ 0.10 was considered a tendency. 

 

3. Results 

3.1 Health and performance 

Table 1 reports the effect of diet, waning age and their interaction on the growth performance results. 

BW was not affected by the diet nor the interaction between the weaning age and the diet. The 

weaning age significantly affected the BW through the entire trial (P<0.001), resulting higher in N 

piglets. ADG was not affected by the diet nor the interaction between the weaning age and the diet. 

The weaning age affected ADG for the periods: d0-d21, d7-d14, and d7-d21 (P = 0.04, P = 0.02, P = 

0.01, respectively) and tended to influence ADG for the periods d0-d14 and d14-d21, (P= 0.06, P= 

0.08, respectively). In all periods, N piglets had higher ADG compared to the E piglets. A trend of 

significance was observed for the interaction between diet and weaning age in the FI of the period 

d0-d7 (P = 0.068), but the contrast did not show any significant differences. The diet never affected 

FI. The weaning age influenced the FI for the periods d7-d14, d0-d14, d7-d21, d0-d21, d14-d21 (P= 

0.003, P= 0.004, P= 0.005, P= 0.005, P<0.001, respectively) and it was higher in the N group 

compared to the E group for all the periods. The interaction between diet and weaning tended to affect 
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the G:F ratio at d7-d21 (P= 0.07), resulting in a trend of higher G:F ratio in EHi piglets compared to 

the EGly piglets (P= 0.09). The G:F ratio was not affected by the diet. For the period d7-d14, the 

weaning age affected the G:F ratio which was higher for the N group (P= 0.03).  

Table 2 shows the results of the effect of weaning age on the growth performance of the piglets 

considering the same physiological age. Diet did not affect BW. Weaning age affected the BW when 

animals were 26-28 days of age and tended to influence it when the piglets had 33-35 days of age (P 

< 0.0001, P= 0.06, respectively), resulting in higher BW in N piglets. No differences were observed 

when E and N where 40 and 42 days old. Diet did not affect ADG. The ADG was influenced by the 

weaning age in the period from 26-28 to 33-35 days of age (P < 0.0001), which was higher in the E 

group, while no effect was observed in the period from 33-35 to 40-42 days. Diet did not affect FI. 

FI was affected by weaning age in both analysed periods: age 26-28 to 33-35 (P < 0.0001), and period 

between 33-35 to 40-42 days old (P = 0.008). In both periods, FI was higher in E piglets. Diet did not 

affect G:F ratio. The G:F was affected by weaning age in the period from 26-28 to 33-35 (P = 0.005), 

resulting in an increased G:F in the E group. No differences were observed when the piglets where in 

the period between 33-35 to 40-42. 

Table 3 shows the effect of the diet and weaning age on the faecal score. The consistency of the 

faeces never reached the cut-off of diarrhoea (>3), confirming the piglets’ good health status.  

The interaction between the diet and weaning age significantly affected the faecal score at d7-d14, 

d7-d21, and d0-d21 (P < 0.05), and tended to affect it from d0 to d14 (P = 0.05). In period d7-d14, 

lower faecal scores were observed in the EGly and the ESO4 piglets compared to the EHi piglets (P= 

0.03 and P= 0.04). Considering the period d7-d21, the ESO4 had lower faecal score compared with 

the EHi piglets (P= 0.03). Some trends of significance were also observed: the ESO4 tended to have 

a lower faecal score compared with the EHi in the periods d0-d14 and d0-d21 (P = 0.09; P = 0.07); 

the EGly tended to have a lower faecal score compared with the EHi for the period d7-d21 (P= 0.07); 

The NSO4 tended to have a lower faecal score compared with the NHi for the periods d0-d21 and d7-

d21 (P= 0.09). 

 

3.2 Blood parameters 

Figure 1 shows the effect of the diet, weaning age and their interaction on ROMs concentration at d8 

and d21. The interaction between diet and weaning age was never significant. The diet never affected 

the results, while the weaning age tended to affect ROMs concentrations at d21 (P = 0.07), resulting 

in lower values in the E compared to N piglets. 
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3.3 Colon microbial profile 

A total of 3 662 661 raw reads which were attributed to a total of 1630 ASVs were obtained. The 

ASVs were associates to 16 phyla, 110 families and 268 genera. The most abundant phyla belonged 

to Firmicutes 93±0.12%, Actinobacteriota 6±0.11%, and Proteobacteria 1±0.03%; the most abundant 

families were Lactobacillaceae 70±0.34%, Streptococcaceae 10±0.18%, Clostridiaceae 9±0.23% and 

Corynebacteriaceae 4±0.09%; and the most abundant genera were Lactobacillus 33±0.23%, HT002, 

belonging to the Lactobacillaceae family, 29±0.24% and Streptococcus 10±0.18%. Alpha and Beta 

diversity results are shown in Figure 2A and 2B and Figure 3A and 3B. Alpha diversity was never 

affected by neither the weaning age and the interaction between diet and weaning age. The diet 

influenced the Shannon index at d8 (P = 0.03) and the contrasts showed that the EGly piglets had a 

higher diversity compared to the EHi piglets (P = 0.009). The other alpha indices at d8 and d21 were 

not influenced by the det.  

For Beta diversity, the Adonis test did not evidence any effect of the diet, weaning age and their 

interaction both at d8 and d21. At ASVs level, the EHi group was characterised by a higher abundance 

of the ASV 24 associated to the genus HT002 belonging to the Lactobacillaceae family (LDA_score 

= 4.16, P.adj = 0.04) at d8. At d21, the EHi piglets were characterised by a higher abundance of the 

ASV 43 associated to the genus Weissella (LDA_score = 3.57, P.adj = 0.046) (Supplementary 

Figure S1). No other differences were observed for the other groups at either d8 or d21. 

 

3.4 Intestinal content pH values and Volatile Fatty Acids  

Table 4 show the effect of the diet, weaning age and their interaction on the pH of the intestinal 

contents and the VFAs concentration in the jejunum at d8 and d21.  

Intestinal content pH was never affected by the interaction between diet and weaning age. The diet 

tended to influence the pH of the jejunum at d8 (P= 0.08), and the Hi piglets had lower pH values 

compared to the other groups. The EHi piglets had lower pH values in the jejunum at d8 compared 

to EGly (P= 0.04) and tended to have a lower pH than ESO4 group (P= 0.09). The weaning age never 

affected pH values. 

The interaction between diet and weaning age never impacted VFAs results, except for the total 

amount of VFAs at d8 (P = 0.08) which was higher in the EGly group compared to the EHi group (P 

= 0.04) and EHi piglets tended to have higher concentration than ESO4 piglets (P= 0.09). A tendency 

for the interaction between weaning age and diet was also observed for lactate concentration (P = 
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0.07), where EHi group had increased concentration compared to EGly piglets (P= 0.05). The diet 

never affected the results at d8 and d21. The weaning age significantly affected the total VFAs 

concentration (P= 0.008) and tended to affect butyrate and valerate concentrations (P = 0.07, P = 

0.075, respectively) at d8, while no differences were observed at d21. Butyrate and valerate 

concentration resulted in higher values in N piglets compared to E piglets. Nevertheless the general 

effect of the diet, weaning age and their interaction was not significant, the propionate concertation 

at d8 was higher in the NGly group compared to the NHi group (P = 0.03).  

 

3.5 Jejunum morphology 

Table 5 reports the effect of the diet, weaning age and their interaction on the morphological 

parameters of the jejunum at d8 and d21. The interaction never affected the parameters. At d8, the 

diet tended to affect the crypt depth (P = 0.075); the EHi group had higher crypt depth than EGly 

group (P = 0.04) and tended to have higher crypt depth than ESO4 group (P = 0.09). Crypt width was 

not affected by diet, weaning age or their interaction, but the contrasts showed that the EHi group 

tended to have a higher value than EGly group (P= 0.07). At d8, weaning age significantly affected 

the mucosal-to-serosal amplification ratio (P = 0.04) and tended to influence the villus height (P = 

0.07) and VH:CD ratio (P = 0.06) with higher values for the N piglets.  

At d21, the diet affected the villus width and crypt depth (P = 0.01, P = 0.02, respectively) and tended 

to influence the VH:CD ratio (P = 0.09). The contrasts showed a lower villus width for the group EHi 

compared to ESO4 and EGly group (P = 0.02, P = 0.015, respectively). For the crypt depth, the EHi 

group had a lower value than the ESO4 group (P = 0.02). The VH:CD was lower in the NSO4 group 

then in NHi (P = 0.04) and in the and ESO4 than in the EHi group (P = 0.04). Mucosal-to-serosal 

amplification ratio was not affected by diet, weaning age or their interaction, but the contrasts showed 

that the NHi group had higher value than NSO4 group (P = 0.01). 

 

3.6 Gene expression 

Table 6 reports the effect of the diet, weaning age and their interaction on jejunal genes expression 

at d8 and d21. The interaction between diet and weaning age affected the expression of GPX-2 (P = 

0.02), which was lower in the EGly group compared to EHi (P = 0.03) at d8. The diet tended to affect 

the GPX-2 (P = 0.06), resulting higher in Hi group. At d8, weaning age never affected the genes 

expression. At d21, diet, weaning age and their interaction did not affect any of the tested genes. 
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However, the contrasts showed a higher expression of the GPX-2 in NGly piglets compared with the 

NHi piglets (P = 0.02), a trend of higher expression of SLC39A4 in the NSO4 piglets compared with 

the NHi piglets (P = 0.06) and a higher expression in the ESO4 compared with the EHi piglets (P = 

0.07); the EGly piglets tended to have diminished SLC30A7 expression compared to the EHi piglets 

(P = 0.09).  

 

4. Discussion 

The European regulatory framework, as evidenced by the ban on pharmacological doses of Zn, is 

increasingly highlighting the necessity to improve the sustainability of the swine industry. Only the 

inclusion of a dose of 150 mg/kg of Zn in piglets’ feed is currently permitted, according to the EMA’s 

2017 recommendation (EMA, 2017). Therefore, understanding the differences between the effects of 

different forms of Zn on piglet growth, health and gut health is crucial. The porous forms of Zn are 

rising interest for their higher bioavailability and high specific surface area, however, more literature 

is needed to investigate its potential at the EU permitted dose and in different management conditions.  

As expected, the age at weaning was the most impacting factor for the growth performance including 

BW, ADG, and FI which were constantly higher in piglets weaned later, confirming the adequacy of 

the trial design. These latter results could be linked to a greater weaning impact on the Early group, 

however, our results evidenced that the observed variation between the two weaning age classes are 

merely due to physiological differences associated with the different ages of the piglets. In fact, if we 

compare the weight at d21 of the trial of the piglets weaned at 21 days, hence at 42 days of age, with 

the weight at d14 of the trial of the piglets weaned at day 26, which were therefore 40 days old, it is 

possible to observe that there is no difference. The G:F was not affected by the weaning age, except 

for the second week after weaning in which the G:F was higher in piglets weaned later. However, 

when we compared the piglets for the actual days of life, we observed that the G:F was higher in the 

Early piglets than in the Normal piglets in the second week after weaning. Therefore, it can be 

hypothesised that the piglets grew in accordance with their physiological programme. Although this 

discrepancy in days may seem trivial, it has been shown in the literature to significantly influence 

outcomes, particularly when assessing pig performance (Campbell et al., 2013; Dang et al., 2022). 

Confirming the detrimental effect of weaning on the gut health of immature piglets, the morphological 

data indicated a marked stress in the early weaned piglets. Indeed, on day 8, the Early group had 

lower villus height, VH:CD ratio, and absorptive surface compared to the Normal group, suggesting 

increased physiological stress related to early weaning. Furthermore, the Early-weaned had a lower 
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jejunal concentration of butyrate and valerate at d8. These SCFAs are important source of energy for 

intestinal epithelial cells as well as can increase growth performance (Cao et al., 2019). These latter 

results agree with the morphological and performance data observed in the Early weaned piglets, 

confirming the different maturing degree between early and normal weaned piglets. Indeed, piglets 

weaned later may have a milder stress response during the weaning process, which may contribute to 

better post-weaning performance and overall well-being. Previous data suggested that piglets weaned 

at 21 days had diminished jejunal morphological characteristics even two weeks after weaning (Ming 

et al., 2021). Although no direct comparison can be made between this latter study and the present 

one due to the different timing of piglet sacrifice (one week later in the present study), it can be 

hypothesised that the lack of differences in the jejunal morphology between the Early and Normal 

piglets may be due to the achievement of the small intestinal maturity even in the early weaned piglets. 

In agreement with the lack of difference in morphological parameters, no difference was observed in 

VFAs concertation as well as in intestinal pH and G:F from d14 to d21.  

As already reported in the literature (McCracken et al., 1999) and confirming the adequacy of the 

experimental design adopted, the source of Zn can influence the gut architecture, gut ecosystem and 

growth efficiency. The three types of Zn were known to differ for their intestinal bioavailability 

(Luise et al., 2024). In particular, the porous form of ZnO tested in the present study is characterised 

by a high surface area, leading to a promising comparable result of pharmaceutical doses of ZnO in 

terms of growth and gut health, as summarised in the review by Luise et al. (2024).  

The higher surface area can increase the interaction between the Zn and the small intestinal ecosystem 

explaining the effect observed in the present study compared with the other Zn sources. In fact, the 

Hi reduced the jejunal pH (vs GLy and SO4), increase the concentration of lactic acid (vs Gly), 

reduced the alpha diversity indices (vs Gly), and favour the relative abundance of Lactobacillaceae 

family at d8. These results are related; in fact, a reduction in the intestinal pH can promote the 

development and colonisation of the intestine by beneficial bacteria, including those belonging to the 

Lactobacillaceae family, which are known to produce the lactic acid, which, in turn, can contribute 

to lowering the pH in the gut (Fuller et al., 1977).  

The relationship between the use of ZnO and the abundance of intestinal Lactobacillaceae family has 

already been investigated, with inconsistent results depending on the dose administrated. For instance, 

the administration of ZnO at high doses (2000 mg/kg) has been associated with a reduction in 

beneficial bacteria such as Lactobacillus (Huynh and Zastrow, 2023, Luise et al., 2024). However, 

when administrated at lower doses such as 380 and 570 mg/kg, it resulted in an increase in 
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Lactobacillus spp. in the faeces of piglets (Peng et al. 2019), which is consistent with the finding 

observed in the present study.  

However, these changes in the intestinal ecosystem obtained with Hi did not translate into improved 

intestinal morphological parameters in the short term. In fact, no difference in villus height and 

VH:CD ratio was observed, while an increase in crypt width was detected at d8 in the Early weaned 

piglets. In addition, also at d8, the early Hi group showed increased GPX2 gene expression compared 

to the Gly group. GPX2 plays an important role in maintaining redox homeostasis (Guo et al., 2020), 

suggesting an imbalance of the oxidative status in the Early piglets fed the porous form of ZnO. This 

result, coupled with the enhanced crypt depth of EHi piglets may suggest a higher degree of 

inflammation in the EHi piglets.  

However, it is interesting to note that at d21 an opposite trend for GPX-2 expression was observed in 

the Normal weaned piglets since the NHi group had a lower expression than NGly group, suggesting 

an alteration on the antioxidant status in the Gly group. Furthermore, at d21, the Hi reduced the crypt 

depth and increase the mucosal absorptive area in Early piglets and increased the VH:CD both in the 

Normal and Ealy weaned piglets compared to the SO4. Previous studies suggested the positive effect 

of this type of Zn on intestinal morphological parameters. Indeed, according to the study by Peng et 

al. (2019), the administration of this porous form of ZnO administered at both 200 and 500 mg/kg 

was able to achieve the same villus height and crypt depth as the pharmacological dose of ZnO. This 

positive effect could be associated with the characteristics of this type of ZnO, which has both a 

systemic and local effect. HiZox is characterised by a greater absorption area and a slower release 

time, holding a different kinetic of Zn intestinal uptake and in turns a local effect on the intestinal 

mucosa. In fact, Zn homoeostasis is assured by a modulation of intestinal absorption efficiency (Dalto 

et al., 2023), that is inversely proportional to intake of Zn (Revy et al., 2003). A validation of the Zn 

source impact on the Zn absorption was also observed in the expression of the genes related to Zn 

transporter. Indeed, at d21, piglets from ESO4 and NSO4 groups had an increased expression of 

SLC39A4 compared to EHi and NHi piglets, respectively. This gene encodes for the ZIP4 transporter 

and is involved in the pathway of increasing intracellular Zn concentration. Actually, the expression 

of this protein (ZIP4) prevent the overload of Zn inside the enterocytes (Brugger et al., 2021). Indeed, 

an increase in ZIP4 expression has been associated with a Zn-deficient status in mice (Liuzzi et al., 

2004). Moreover, it was confirmed in pigs that ZIP4 represent the major transporter to the enterocytes, 

playing an important role in the Zn homeostasis, and, particularly, its absorption. In fact, Brugger et 

al. (2021) observed an increase in Zn absorption correlated to a state of Zn deficiency.  Therefore, it 

can be hypothesised that the administration of ZnSO4 was not as efficient as the porous form of ZnO 
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in meeting the animals’ requirements. No differences were observed in the expression of SLC39A4 

between Hi and Gly, but a trend towards higher expression of SLC30A7, the gene that encode for 

ZnT7 transporter, was observed in EHi compared to EGly. ZnT7 localization has been found to be 

mostly in the Golgi apparatus, being involved in the translocation of Zn from the cytoplasm to the Zn 

cells storage in the Golgi apparatus (Kirschke and Huang, 2003), indicating a pivotal role in the Zn 

absorption in the small intestine, as well as regulation of Zn storage. This latter explanation could 

suggest a different mode of action in Zn availability between Gly and Hi forms of Zn. It is, however, 

still in debate the biological role of ZnT7 in the organism, leading to possible hypothesis on its mode 

of action. Studies in human hypothesised its involvement in the synthesis of Zn enzymes (Bui et al., 

2023), as well as regulation of Zn concentration between the cytosol and the endoplasmic reticulum 

(Kambe et al., 2021). Despite this, the biological role of ZnT7 has not yet been sufficiently elucidated, 

thus posing the need to adequately investigate its relevance.  

 

5. Conclusion 

As expected, weaning age was the most impacting variable on the study. However, the observed 

differences in growth performance were mostly attributed to physiological differences associated 

with their ages rather than the weaning age itself. Furthermore, the administration at nutritional doses 

of different sources of Zn, particularly the porous form of ZnO and Zn-Gly were able to modify the 

small intestinal ecosystem in long term to promote the overall intestinal health, especially compared 

to the Zn sulphate. Finally, the study showed that different forms of Zn, when administered at the 

same dose, may have different mechanisms of action that merit further study. 
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Table 1. Effect of Zinc form, weaning age, and their interaction on the performance parameters of post-weaning piglets. 

 SO4     Gly Hi SEM P-value Orthogonal contrasts 

Item 
Early Normal Early Normal Early Normal Diet Age Diet1 Age2 Diet*age 

NSO4  

vs NHi 

NGly vs 

NHi 

ESO4 

vs EHi 

EGly 

vs EHi 

Body weight, g 

d0 6666 8621 6665 8613 6695 8621 165 198 0.99 <0.001 0.99 0.99 0.97 0.89 0.89 

d7 6918 9242 7137 8884 7001 9017 169 198 0.63 <0.001 0.23 0.36 0.57 0.72 0.56 

d14 8402 11776 8787 11314 8269 11171 299 305 0.56 <0.001 0.50 0.26 0.77 0.79 0.31 

d21 10973 15143 11340 15035 11054 14734 450 445 0.88 <0.001 0.89 0.62 0.68 0.91 0.71 

Average daily gain, g/d 

d0-d7 35.4 58.2 66.9 40.4 43.6 59.7 9.9 9.20 0.19 0.26 0.12 0.94 0.29 0.65 0.19 

d7-d14 215 328 233 344 206 323 23.3 19.0 0.83 0.02 0.99 0.93 0.65 0.85 0.57 

d0-d14 128 195 153 192 125 185 17.6 15.6 0.64 0.06 0.82 0.76 0.82 0.95 0.42 

d7-d21 292 404 299 436 302 416 22.4 19.4 0.97 0.01 0.89 0.79 0.63 0.82 0.94 

d0-d21 208 290 223 305 216 293 19.0 16.9 0.90 0.04 0.99 0.65 0.29 0.93 0.19 

d14-d21 371 477 364 531 396 512 29.3 23.9 0.83 0.08 0.71 0.57 0.73 0.67 0.57 

Feed intake, g/d 

d0-d7 90.6 114.8 117.4 97.8 97.2 119.9 7.7 6.3 0.17 0.13 0.068 0.76 0.15 0.66 0.18 

d7-d14 296 423 339 436 295 388 20.7 17.0 0.46 0.003 0.82 0.43 0.25 0.98 0.28 

d0-d14 193 269 228 267 196 254 12.7 10.4 0.29 0.004 0.59 0.58 0.61 0.91 0.20 

d7-d21 399 560 425 575 403 547 27.5 22.5 0.88 0.005 0.97 0.82 0.60 0.94 0.69 
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d0-d21 296 412 322 416 301 404 19.5 15.9 0.77 0.005 0.93 0.86 0.76 0.89 0.58 

d14-d21 502 697 511 714 512 705 39.5 32.3 0.97 <0.001 0.99 0.92 0.91 0.90 0.99 

Gain to Feed  

d0-d7 0.39 0.50 0.51 0.18 0.41 0.49 0.09 0.08 0.79 0.61 0.19 0.99 0.10 0.92 0.60 

d7-d14 0.72 0.75 0.68 0.79 0.69 0.82 0.04 0.03 0.93 0.03 0.64 0.39 0.82 0.75 0.84 

d0-d14 0.66 0.68 0.64 0.72 0.62 0.72 0.04 0.03 0.87 0.82 0.79 0.68 0.99 0.59 0.81 

d7-d21 0.73 0.71 0.69 0.78 0.75 0.76 0.02 0.01 0.49 0.13 0.07 0.17 0.63 0.71 0.09 

d0-d21 0.71 0.69 0.67 0.75 0.71 0.72 0.02 0.02 0.38 0.59 0.17 0.43 0.54 0.97 0.23 

d14-d21 0.75 0.68 0.70 0.76 0.77 0.73 0.02 0.02 0.31 0.20 0.17 0.31 0.57 0.54 0.14 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g).  
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Table 2. Effect of weaning age on performance parameters of Early and Normal piglets at the same physiological age. 

Item Early Normal SEM 
P-value 

Diet1 Age2 

Body weight, g 

    Age 26-28 7037 8679 173.5 0.89 <0.0001 

    Age 33-35 8521 9047 198.5 0.73 0.06 

    Age 40-42 11148 11419 336.5 0.85 0.56 

Average daily gain, g/d 

    Age 26-28 to 33-35 218.2 53.4 11.295 0.95 <0.0001 

    Age 33-35 to 40-42 377 331 22.5 0.96 0.14 

Feed intake, g/d 

    Age 26-28 to 33-35 310 110 11.55 0.76 <0.0001 

    Age 33-35 to 40-42 509 415 24.9 0.86 0.008 

Gain to Feed 

    Age 26-28 to 33-35 0.695 0.39 0.08 0.33 0.005 

    Age 33-35 to 40-42 0.74 0.79 0.03 0.53 0.19 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g). 
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Table 3. Effect of Zinc form, weaning age and their interaction on faecal score of post-weaning piglets calculated on singular base. 

Item 

SO4   Gly Hi SEM P-value Orthogonal contrasts 

Early Normal Early Normal Early Normal 
Diet Age 

Diet1 Age2 Diet*Age 
 NSO4  vs 

NHi 

NGly vs 

NHi 

ESO4 vs 

EHi 

EGly vs 

EHi 

Faecal score 

   d0-d7 2.16 2.16 2.14 2.08 2.08 2.17 0.04 0.03 0.55 0.98 0.40 0.90 0.27 0.29 0.43 

   d7-d14 2.06 2.25 2.04 2.04 2.32 2.05 0.07 0.06 0.03 0.18 0.03 0.16 0.93 0.04 0.03 

   d0-d14 2.07 2.25 2.13 2.06 2.23 2.10 0.05 0.05 0.19 0.09 0.05 0.14 0.71 0.09 0.28 

   d7-d21 2.03 2.17 2.06 2.02 2.20 2.03 0.04 0.04 0.05 0.11 0.02 0.09 0.90 0.03 0.07 

   d0-d21 2.05 2.19 2.11 2.04 2.17 2.07 0.04 0.04 0.16 0.07 0.02 0.09 0.72 0.07 0.35 

   d14-d21 2.00 2.06 2.07 2.00 2.08 2.00 0.03 0.03 0.34 0.32 0.19 0.34 1.00 0.21 0.89 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g).  
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Table 4. Effect of Zinc form, weaning age and their interaction on intestinal content pH and on the jejunum content VFAs concentration of post-

weaning piglets calculated on singular base. 

Item 

SO4   Gly Hi SEM P-value Orthogonal contrasts 

Early Normal 
Earl

y 
Normal 

Earl

y 
Normal Diet Age Diet1 Age2 

Diet*ag

e 

 NSO4  

vs NHi 

NGly 

vs NHi 

 ESO4  

vs EHi 

EGly 

vs 

EHi 

d8 

 Jejunum pH 6.71 7.01 6.81 6.70 6.29 6.85 0.17 0.10 0.08 0.24 0.15 0.54 0.53 0.09 0.04 

 Caecum pH 5.85 6.00 5.94 6.05 5.79 6.13 0.16 0.09 0.79 0.51 0.75 0.59 0.74 0.78 0.50 

 Colon pH 6.19 6.26 6.24 6.34 6.19 6.30 0.11 0.06 0.93 0.64 0.99 0.8 0.83 0.99 0.75 

 (mg/kg) 

  Lactic acid 18.6 31.6 15.6 30.2 26.6 24.5 0.22 0.19 0.13 0.39 0.07 0.47 0.24 0.38 0.05 

  Acetate 6.40 9.90 8.06 7.92 6.16 8.71 0.14 0.13 0.36 0.12 0.4 0.61 0.95 0.89 0.26 

  Propionate 3.29 4.93 5.78 6.46 4.32 3.39 0.37 0.39 0.34 0.54 0.25 0.24 0.03 0.33 0.62 

  Iso-butyrate 1.34 1.88 1.20 1.48 1.59 1.32 0.13 0.11 0.62 0.29 0.44 0.37 0.61 0.47 0.38 

  Butyrate 5.88 17.06 10.9 8.40 9.24 7.76 0.32 0.28 0.28 0.07 0.18 0.3 0.89 0.44 0.44 

  Valerate 0.48 0.95 0.58 0.91 0.38 1.03 0.25 0.24 0.66 0.075 0.73 0.75 0.95 0.78 0.39 

  Total 17.5 34.4 26.1 24.8 22.1 21.3 0.15 0.13 0.24 0.008 0.08 0.54 0.53 0.09 0.04 

d21 

 Jejunum pH 6.91 6.90 6.77 6.92 6.77 6.97 0.14 0.11 0.75 0.97 0.77 0.75 0.83 0.51 0.99 

 Caecum pH 5.74 5.60 5.69 5.61 5.63 5.71 0.13 0.07 0.83 0.47 0.69 0.58 0.56 0.54 0.75 
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 Colon pH 5.90 5.97 6.02 6.09 6.07 5.90 0.16 0.09 0.73 0.75 0.68 0.75 0.39 0.45 0.83 

 (mg/kg) 

  Lactic acid 5.47 8.60 7.51 8.45 6.14 11.42 0.18 0.18 0.71 0.29 0.66 0.86 0.59 0.81 0.58 

  Acetate 10.54 11.88 9.36 11.83 11.35 13.79 0.12 0.10 0.71 0.81 0.81 0.55 0.56 0.89 0.54 

  Propionate 6.75 8.37 6.46 10.91 6.12 10.49 0.35 0.43 0.59 0.43 0.64 0.68 0.7 0.34 0.46 

  Iso-butyrate 1.74 2.23 1.85 2.89 1.67 2.75 0.16 0.14 0.74 0.23 0.54 0.6 0.39 0.97 0.5 

  Butyrate 12.49 15.29 4.16 8.93 8.69 8.08 0.29 0.24 0.2 0.75 0.62 0.33 0.68 0.36 0.41 

  Valerate 0.85 0.98 0.89 0.95 0.99 1.05 0.19 0.16 0.91 0.63 0.95 0.83 0.91 0.97 0.71 

  Total 32.5 35.9 21.9 34.3 27.4 32.0 0.12 0.10 0.29 0.71 0.46 0.74 0.68 0.61 0.32 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g).  
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Table 5. Effect of Zinc form, weaning age, and their interaction on the jejunum morphology of post-weaning piglet calculated on singular base. 

Item 

SO4 Gly Hi SEM P-value Orthogonal contrasts 

Early Normal Early Normal Early Normal Diet Age Diet1 Age2 Diet*age 

 NSO4   

vs 

NHi 

NGly 

vs 

NHi 

ESO4   

vs 

EHi 

EGly 

vs 

EHi 

d8 

Villus height 244 293 238 282.0 270.0 276 13.6 14.7 0.29 0.07 0.31 0.45 0.80 0.26 0.15 

Villus width 80.3 82.3 79.8 85.0 81.50 83.4 14.77 10.8 0.87 0.78 0.72 0.74 0.63 0.73 0.62 

Crypt width 33.2 34.1 31.5 34.0 34.70 34.2 1.86 2.45 0.18 0.80 0.45 0.95 0.88 0.39 0.07 

Crypt depth 148 149 145 154.0 163.0 152 6.5 7.69 0.075 0.93 0.24 0.73 0.85 0.09 0.04 

Mucosal-to-

serosal 

amplification 

ratio 

6.67 7.86 6.77 7.25 6.98 7.30 0.28 0.27 0.82 0.04 0.44 0.29 0.93 0.54 0.68 

VH_CD 1.67 2.00 1.73 1.84 1.67 1.81 0.09 0.08 0.89 0.06 0.57 0.27 0.87 0.98 0.71 

d21 

Villus height 237 232 235 259.0 244.0 261 8.6 8.08 0.80 0.76 0.39 0.09 0.89 0.65 0.54 

Villus width 71.3 73.7 71.8 68.1 62.0 67.9 2.59 2.96 0.01 0.65 0.17 0.15 0.95 0.02 0.015 

Crypt width 33 33.8 28.5 30.5 32.40 29.4 1.36 1.11 0.17 0.79 0.37 0.13 0.67 0.80 0.15 

Crypt depth 172 160 149 148 149 148 5.15 4.20 0.02 0.23 0.66 0.28 0.99 0.02 0.93 
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Mucosal-to-

serosal 

amplification 

ratio 

6.87 6.62 7.24 7.95 7.50 8.11 0.29 0.31 0.42 0.68 0.34 0.01 0.73 0.20 0.61 

VH_CD 1.39 1.46 1.57 1.78 1.69 1.79 0.08 0.07 0.09 0.64 0.80 0.04 0.91 0.04 0.43 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g).  
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Table 6. Effect of Zinc form, weaning age, and their interaction on the jejunum gene expression of post-weaning piglet calculated on singular base. 

1SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; 2Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g); 

3NFKB22: Nuclear Factor Kappa B Subunit 2;  

4GPX-2: Glutathione Peroxidase 2;  

5SLC39A45: Solute Carrier Family 39 Member 4;  

6SLC30A7: Solute Carrier Family 30 Member 

Item 

SO4 Gly Hi SEM P-value Orthogonal contrasts 

Early Normal Early Normal Early 
Norma

l 
Diet Age Diet1 Age2 

Diet

*age 

 NSO4   

vs NHi 

NGly 

vs NHi 

 ESO4   

vs EHi 

EGly 

vs EHi 

d8 

NFKB23 0.96 0.91 0.95 1.06 1.01 1.05 0.05 0.05 0.76 0.65 0.41 0.13 0.91 0.58 0.49 

GPX-24 1.05 1.02 0.81 1.22 1.14 0.95 0.09 0.09 0.06 0.83 0.02 0.66 0.11 0.62 0.03 

SLC39A45 1.00 0.96 0.92 0.84 0.95 0.91 0.08 0.07 0.91 0.84 0.94 0.73 0.59 0.80 0.86 

SLC30A76 0.99 1.07 0.83 0.92 0.93 0.99 0.09 0.08 0.54 0.65 0.98 0.64 0.68 0.71 0.48 

Claudin4 0.95 1.03 0.99 0.91 1.07 0.95 0.05 0.04 0.49 0.47 0.34 0.45 0.67 0.26 0.44 

d21 

NFKB23 1.05 1.00 0.98 0.96 1.12 1.03 0.05 0.04 0.33 0.63 0.86 0.79 0.45 0.49 0.15 

GPX-24 1.14 1.21 1.42 1.45 1.39 1.07 0.07 0.06 0.18 0.89 0.25 0.63 0.02 0.16 0.83 

SLC39A45 1.01 1.06 0.96 0.85 0.78 0.79 0.07 0.06 0.12 0.73 0.64 0.06 0.53 0.07 0.13 

SLC30A76 0.99 0.90 0.87 0.91 1.04 1.02 0.05 0.04 0.18 0.42 0.65 0.29 0.25 0.66 0.09 

Claudin4 1.05 1.05 0.88 0.90 1.00 1.01 0.05 0.04 0.16 0.96 0.98 0.69 0.25 0.65 0.18 
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Figure captions 

Figure 1. Effect of Zinc administration, weaning age and their interaction on the blood ROMs concentration of post-weaning piglet at d8 and d21 

calculated on singular base. SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning (6753.75±37 g), Normal: 26 

days at weaning (9160±66 g).  

d8 P-value: Diet= 0.26, Age= 0.87, Diet*Age= 0.71; Custom contrasts P-value: NSO4  vs NHi= 0.95, NGly vs NHi= 0.70,  ESO4 vs EHi= 0.93 

EGly vs EHi= 0.15; 

d21 P-value: Diet= 0.86, Age= 0.07, Diet*Age= 0.20; Custom contrasts P-value:  NSO4  vs NHi= 0.49, NGly vs NHi= 0.14,  ESO4 vs EHi= 0.59, 

EGly vs EHi= 0.86. 

 

Fig. 2 A and B. Effect of Zinc administration and age at weaning category on Alpha diversity in jejunum content samples of post-weaning 

piglets at d8 and d21 calculated on singular base. SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning 

(6753.75±37 g), Normal: 26 days at weaning (9160±66 g). 

Figure 3 A and B. Effect of Zinc administration and age at weaning category on Beta diversity in jejunum content samples of post-weaning 

piglets at d8 and d21 calculated on singular base. SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning 

(6753.75±37 g), Normal: 26 days at weaning (9160±66 g). 
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Figure 1. Effect of Zinc administration, weaning age and their interaction on the blood ROMs concentration of post-weaning piglet at d8 and d21 

calculated on singular base.  

SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning (6753.75±37 g), Normal: 26 days at weaning (9160±66 g). 

 

d8 P-value: Diet= 0.26, Age= 0.87, Diet*Age= 0.71; Custom contrasts P-value:  NSO4  vs NHi= 0.95, NGly vs NHi= 0.70,  ESO4 vs EHi= 0.93 

EGly vs EHi= 0.15; 

d21 P-value: Diet= 0.86, Age= 0.07, Diet*Age= 0.20; Custom contrasts P-value:  NSO4  vs NHi= 0.49, NGly vs NHi= 0.14,  ESO4 vs EHi= 0.59, 

EGly vs EHi= 0.86.  
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Fig. 2 A and B. Effect of Zinc administration and age at weaning category on Alpha diversity in jejunum content samples of post-weaning piglets 

at d8 and d21 calculated on singular base. SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning (6753.75±37 g), 

Normal: 26 days at weaning (9160±66 g).   
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Figure 3 A and B. Effect of Zinc administration and age at weaning category on Beta diversity in jejunum content samples of post-weaning piglets 

at d8 and d21 calculated on singular base. SO4: ZnSO4, Gly: Zn-Glycinate, Hi: porous form of ZnO; Early: 21 days at weaning (6753.75±37 g), 

Normal: 26 days at weaning (9160±66 g).
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Supplementary material  

Table S1. Composition of pre-starter diets. 
 

Ingredients Inclusion, % Ingredients Inclusion, % 

F.OR.MA 20 DICALCIUM PHOSPHATE 0.6 

BARLEY PS 70  19.7829 SODIUM CHLORIDE 0.4 

COMMON WHEAT  10 CALCIUM FORMATE 0.3 

WHEAT 

MIDDLINGS 
10 

FORMIC ACID AND SODIUM FORMATE 

BUFFERED SOLUTION 
0.3 

SOYBEAN MEAL 

48% 
7 VITAMIN B PREMIX 0.25 

CORN EXTRA FINE 5 L-THREONIN 0.24 

SOFT BRAN  5 DL-METHIONINE 0.21 

EXTRUDED RICE 5 VAL-ILEU-LEU-HIS PREMIX 0.2 

SWEET WHEY 

SPRAY 
4.5 L-TRIPTOPHAN 0.05 

SWINE PLASMA 

AP820 
2.8 IRON SULPHATE 21.5% 0.05 

SOY OIL 2 VIT A-D3-E 50-4-50 0.04 

SOYCOMIL  1.5 VIT E 50% 0.02 

FIBER 

CONCENTRATE 
1 COPPER SULPHATE 0.02 

POTATO CONC 

PROT 
1 MANGANESE OXIDE 0.01 

BEET PULP 1 POTASSIUM IODIDE 79 0.0001 

COCONUT OIL 1 ZN SULPHATE (40%) 0.028 

AROMA 0.09 HIZOX (77%) 0.014 

L-LYSINE HCL 0.62 ZN GLYCINATE (25%) 0.044 

Calculated composition 

Dry matter (%) 89.97 Mg (mg/kg) 84.38 

CP (%) 19 Se (mg/kg) 0.45 

FAT (%) 5.48 J (mg/kg) 0.84 

CF (%) 3.74 BIOTIN (mg/kg) 0.15 

ASH (%) 4.5 COLINE (mg/kg) 1163 

NDF (%) 14.1 FOLIC ACID (mg/kg) 1.09 

ADF (%) 4.6 VIT. PP (mg/kg) 54.89 

ADL (%) 0.77 PANTHOT.AC. (mg/kg) 14.49 

STARCH (%) 35.57 VIT. A (UI/kg) 16000 

SUGARS (%) 7.99 VIT. E (mg/kg) 105 

LYS (%) 1.35 VIT. B1 (mg/kg) 4.76 

MET (%) 0.43 VIT. B2 (mg/kg) 5.59 

MET+CIST (%) 0.79 VIT. B6 (mg/kg) 6.2 
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TRP (%) 0.3 VIT. B12 (mg/kg) 0.02 

THR (%) 0.9 VIT. D3 (UI/kg) 1600 

LEU (%) 1.5 LINOLEIC ACID (%) 2.44 

ISOL (%) 0.78 DIG.EN. (kcal/kg) 3435 

VAL (%) 0.96 MET.EN. (kcal/kg) 3283 

HIST (%) 0.47 NET EN. (kcal/kg) 2459 

ARG (%) 1.1 LYS.SID (%) 1.25 

Ca (%) 0.61 MET.SID (%) 0.4 

P (%) 0.72 THR.SID (%) 0.27 

Avail. P (%) 0.47 TRE.SID (%) 0.81 

Na (%) 0.25 M+C SID (%) 0.75 

K (%) 0.82 VAL SID (%) 0.85 

Cl (%) 0.51 ISOL.SID (%) 0.71 

Mg (%) 0.12 LEU. SID (%) 1.36 

S (%) 0.15 HIS. SID (%) 0.45 

Fe (mg/kg) 160.7 ARG.SID (%) 1.01 

Cu (mg/kg) 106 VIT. K 3 (mg/kg) 1.25 

Zn (mg/kg) 24.05 

 

 

Table S2. Real Time PCR probes. 

Target gene Complete name Assey Id 

TaqMan® 

Gene Expression 

Assay Catalogue n. 

NFKB2 Nuclear Factor Kappa B Subunit 2 Ss06883741_g1 4331182 

GPX-2 Glutathione Peroxidase 2 Ss03387478_u1 4351372 

SLC39A4 Solute Carrier Family 39 Member 4 Ss06910319_gH 4351372 

SLC30A7 Solute Carrier Family 30 Member 7 Ss03819782_s1 4351372 

CLAUD4 Claudin-4 Ss03375006_u1 4351372 

HMBS Hydroxymethylbilane Synthase Ss03388782_g1 4351372 
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Abstract 

In pig production, weaning is a critical period where piglets face several environmental stressors. 

This transition leads to a significant growth reduction and can result in digestive disorders, including 

diarrhea. To formulate a feed that meets zinc and copper requirements during the weaning period 

while minimizing their release into the environment, it became evident that a more bioavailable 

micro-mineral supplement is necessary. This project aimed to evaluate two sources of zinc and copper 

(sulfate and porous oxide), on the growth, intestinal health, and microbiota of weaned piglets. At 

weaning, 135 (21 days of age) piglets were selected. The experimental diets were composed as follow: 

1) Negative control: basal diet with the addition of 150 mg/kg ZnO and 150 mg/kg CuSO4; 2) ZnO: 

basal diet with the addition of 3000 mg/kg ZnO and 150 mg/kg CuSO4; 3) HiZox150: 150 mg/kg 

porous form of ZnO (HiZox®) and 150 mg/kg CuO (CoRouge®); 4) HiZox300: 300 mg/kg porous 

form of ZnO (HiZox®) and 150 mg/kg CuO (CoRouge®). The experimental diets were provided for 

14 days (phase 1) post-weaning. Subsequently, all piglets received the same diets for phase 2 (14–28 

days) and phase 3 (28–42 days). Piglets were weighed at weaning and on days 14, 28, and 42. At d7 

and d14, blood was collected for intestinal health status marker analyses. At day 14, fecal samples 

were collected to assess the effects on microbiota, calprotectin, and neopterin. In the first phase, ADG 

and ADFI (P=0.001) resulted in higher outcomes in the ZnO group. Feed conversion was higher in 

the HiZox 150 and 300 groups (P=0.002). For the total performance, however, highest ADG were 

observed in both the ZnO and HiZox300 groups (P=0.001). The citrulline was found to be higher in 

the control group (P=0.002). The diamine oxidase was influenced by both Zn source (P=0.008), 

particularly, it was higher in the HiZox300 group and in the first timepoint. The HiZox150 group was 

characterised by a higher abundance of Lactobacillaceae (P_adj=0.03, LDA_score= 4.89). From the 

results it was possible to confirm the positive effects of the administration of pharmacological ZnO 

on growth performance. Moreover, based on the overall results, it can be speculated that the 

administration of 300 mg/kg of the porous form of ZnO could be a valid substitute of high doses of 

ZnO.  
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1 Introduction  

In pig production, weaning is a critical period when piglets face a number of environmental stressors 

resulting from this transition, which has major effects on the piglet's long-term growth (Pluske et al., 

2003a). This stress is mainly due to the change in diet, and environment, but also to the separation of 

piglets from their mother (Pluske et al., 2003a). Indeed, piglets switch from their mother's highly 

digestible milk to a solid diet consisting mainly of less digestible plant ingredients (Campbell et al., 

2013b). These changes make piglets more sensitive to intestinal infectious agents and increase the 

risk of diarrhoea (Lopez Galvez et al., 2020). Weaning therefore leads to various physiological 

alterations and changes in the structure and function of the intestinal tract. Given the importance of 

this developmental stage, effective nutritional strategies are essential for promoting health and 

performance in weaning piglets. One of the most extensively studied interventions during this period 

is the supplementation of trace minerals, particularly zinc (Zn). The practice of adding 

pharmacological levels of zinc oxide (ZnO) into swine diets dates to the 1980s, utilizing 

concentrations exceeding 2500 mg/kg (Bonetti et al., 2021). Pharmacological doses of ZnO, often 

used in the range of 2500 to 3000 mg/kg, have demonstrated several beneficial effects, including 

antibacterial properties, modulation of intestinal inflammation, and reinforcement of mucosal barrier 

integrity (Che et al., 2017). These effects collectively contribute to improved nutrient absorption and 

growth performances during the challenging weaning phase (Shen et al., 2014). It has been observed 

that Zn can influence various cellular processes, including apoptosis, proliferation, and the immune 

response (Zhang et al., 2023). By stabilizing cell membranes and enhancing the synthesis of mucus, 

ZnO helps maintain the structural integrity of the intestinal epithelium, which is crucial for optimal 

digestion and nutrient absorption (Alam et al., 1994). Additionally, the antimicrobial properties of 

ZnO might reduce the population of pathogenic bacteria in the gut, thereby mitigating the risk of 

diarrhea and promoting a healthier gut microbiota (Debski, 2016). Given the need of reducing the 

ZnO administration due to environmental impact and selection of multi-resistant bacteria, recent 

research focused on different physicochemical form of Zn, which, even administrated at lower levels, 

can significantly have a positive influence on weaning transition. One of the most promising sources 

are porous forms of ZnO, characterised by increased surface area and enhanced solubility, which may 

offer advantages over conventional ZnO forms sources (Wang et al., 2019). These properties could 

lead to improved bioavailability and a more pronounced impact on gut health and growth 

performance. The use of porous ZnO represents an innovative approach that warrants further 

investigation in the context of weaning piglets, particularly as producers seek to optimise dietary 

formulations for this disadvantage age group. In addition to Zn, the inclusion of copper (Cu) as a 

supplementary trace mineral may further enhance the health benefits associated with mineral 
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supplementation. Cu plays a critical role in various physiological processes, including immune 

function, antioxidant defense, and collagen synthesis (Espinosa and Stein, 2021). Its incorporation 

into the diet of weaning piglets has been linked to improved immune responses and reduced oxidative 

stress, which are essential for combating the challenges associated with weaning (Forouzandeh et al., 

2022). The potential synergistic effects of Zn and Cu supplementation have prompted interest in their 

combined use, as they may collectively contribute to better growth and health outcomes in piglets 

(Heo et al., 2013). Enhancements in mucosal integrity can lead to decreased intestinal permeability, 

thereby reducing the risk of pathogen translocation and subsequent systemic infections This study 

aimed to investigate the combined effects of pharmacological doses of ZnO, including both 

conventional and porous forms, alongside Cu supplementation, on the growth performance and 

intestinal health of weaning piglets, including the study of microbiota and permeability markers.. By 

employing detailed intestinal markers sampling, we seek to gain a deeper understanding of how these 

trace minerals interact within the gastrointestinal tract and contribute to resilience during the critical 

weaning phase. The insights gained from this research could inform future nutritional strategies, 

ultimately enhancing the health and productivity of weaning piglets in commercial swine production 

systems. 

 

2 Material and methods 

The study was approved by the Université Laval Animal Use and Care Committee (protocol number: 

2024-1487) in accordance with the guidelines established by the Canadian Council on Animal Care 

(“Canadian Council on Animal Care" CCAC, 2009).  

 

2.1 Experimental design and diets  

A total of 135 piglets (females and castrated males) weaned at 21 days (Duroc × [Landrace × 

Yorkshire]) were selected and transferred from the farrowing unit (Centre de développement du porc 

du Québec, Armagh Qc, Canada) to the Center for Animal Science Research (Deschambault, Quebec, 

Canada). Pigs were weighed and then distributed in pens (1.22 × 1,52 m, 0.37 m2/pig) balanced for 

experimental diet according to their weanling weight (light, medium, heavy). Each pen contained 5 

piglets balanced for their body weight at d0, having 5 replicates (pen) per diet. The piglets were fed 

ad libitum in a dry feeder with continuous access to the water. The diet composition and the calculated 

nutritional values for the first period (d1-d14) are reported in Table 1 (NRC, 2012). The experimental 

groups were composed as follow: 1) Negative control: basal diet with the addition of 150 mg/kg ZnO 
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and 150 mg/kg CuSO4; 2) ZnO: basal diet with the addition of 3000 mg/kg ZnO and 150 mg/kg 

CuSO4; 3) HiZox150: 150 mg/kg porous form of ZnO (HiZox®) and 150 mg/kg CuO (CoRouge®); 

4) HiZox300: 300 mg/kg porous form of ZnO (HiZox®) and 150 mg/kg CuO (CoRouge®). The 

concentration of the basal Zn and Cu was analysed on the initial formula and then additional quotes 

of ZnO, the porous form of ZnO, CuSO4 or CuO were added in order to reach the total amount in all 

the diets. The supplemented diets were analysed to check the final concentration of Zn and Cu in each 

experimental diet (Table 1). Experimental diets were fed to piglets for the first 14 days after weaning. 

After the 14-day experimental period, all piglets were fed the same diets for phases 2 (14–28 days) 

and 3 (28–42 days) (Table 2). Feed refusals were weighed on days 14, 28, and 42 after weaning. The 

amount of feed distributed daily and refusals were recorded to assess the effects of the different 

treatments on feed conversion ratio (FCR) and average daily feed intake (ADFI) for each of the 

feeding phases (1–14, 14–28, and 28–42 days).  

The piglets were housed in pens with a slatted floor containing enrichment material consisting in 

metal chain and plastic ball. Upon arrival of the piglets, the room temperature was adjusted to 30 °C. 

This was then gradually decreased to 26 °C over the next seven days. On days eight and nine after 

arrival of the piglets, the room temperature was lowered to 20 °C to induce mild cold stress. After 

this cold stress, the temperature was brought back to 25 °C and reduced over the next three weeks to 

reach 22 °C. The lighting schedule used was 12 h of light and 12 h of darkness for the duration of the 

experiment. 

 

2.2 Measurement and sample collection 

Piglets were individually weighed at d0 and then at d7, d14, d28, and d42 post-weaning (end of the 

trial).  

Blood was collected in 10 mL tubes using a collection tube with clot activator (Vacutainer tube, VWR 

International, Mississauga, ON, Canada) to determine the oxidative status (malonaldehyde [MDA] 

content), antioxidant (FRAP [ferric reducing capacity of plasma] index) and the integrity of the 

intestinal mucosa (D-lactate, diamine oxidase [DAO] and citrulline). To obtain serum, samples were 

centrifuged at 2,000 x g at room temperature for 10 minutes after clotting for two hours. Serum was 

then transferred to 2 mL micro centrifuge tubes and stored at –80°C. Fresh fecal samples were 

collected from the pens to have 2–3 faeces per pen on days 7 and 14. One subsample per pen per day 

was immediately frozen on dry ice and stored at -80 °C until analyses for inflammatory markers 

(calprotectin and neopterin), and insoluble ash, Zn and Cu content. Only on d14, another subsample 
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per pen was immediately placed in a DNA Genotek tube (PERFORMAbiome GUT Sample 

Collection Kit, DNAgenotek, Ottawa, ON, Canada) and stored at -80 °C until bacterial DNA 

extraction. 

 

2.3 Chemical analysis in faeces and feeds 

Samples of feeds and freeze-dried faeces were analysed for dry matter content (AOAC method 

934.01), Zn and Cu (AOAC method 2001.11) and insoluble ash (McCarty et al., 1974). In 

experimental feeds, samples were also analysed for protein content by the Kjeldahl method (AOAC 

method 2001.11) as well as calcium (AOAC method, 938.08, Perkin Elmer AAnalyst 400, Waltham, 

MA) and phosphorus (AOAC method 965.17). 

For the apparent total tract digestibility, 30 mg/kg diet of celite were added in the experimental diets 

as indigestible marker. 

 

2.4 Intestinal health parameters 

The evaluation of FRAP was determined according to the protocol of Benzie and Strain (1996). 

Systemic lipid oxidation of serum samples collected on days 7 and 14 was assessed by estimation of 

malondialdehyde (MDA) concentration. MDA analysis was performed according to the protocol of 

Ermis et al. (2005). The absorbance was read at 532 nm. Diamine Oxidase (DAO) concentration was 

determined in serum with the Porcine DAO kit (Elabscience Biotechnology, Houston, TX, USA) 

according to the manufacturers' instructions. Samples were diluted 1:2. The absorbance was read at 

450 nm. Citrulline was determined in serum using the Homocitrulline/citrulline Assay kit (Cell 

Biolabs Inc. San Diego, CA, USA). Samples were not diluted. The absorbance was read at 550 nm. 

Finally, serum samples were analysed for their D-lactate content (Fluorimetric D-Lactate Assay kit, 

AAT Bioquest, Pleasanton, CA, USA) according to the supplier's instructions. Samples were not 

diluted. The absorbance was read at 540 (excitation) and 590 nm (emission). 

Fecal samples on d7 and 14 were diluted in a ratio of 0.2 g faeces in 1 mL saline (0.9% NaCl). The 

mixture was vortexed for 20 min and centrifuged at 10,000 × g for 10 min at 4 °C to isolate the 

supernatant, which was diluted 1:500 with saline (0.9% NaCl) before being used for the calprotectine 

assay. Calprotectin was measured by ELISA (Pig calprotectin, Biomatik Corporation, Kitchener, ON, 

Canada) on fecal samples. Samples were diluted 1:400. The absorbance was read at 450 nm and 

corrected for the reading at 540 nm. Neopterin was measured by ELISA (Human Neopterin Elisa kit, 
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Nordic BioSite, Sweden) on fecal supernatant, which was used directly for the assay. Samples were 

not diluted. The absorbance was read at 450 nm. 

 

2.5 Bacterial DNA extraction and bioinformatic analysis 

DNA extraction was done from fecal samples using the QIAamp® PowerFecal Pro DNA kit 

(QIAGEN). The concentration of the recovered DNA was then measured with the NanoDrop One 

device (Thermo Fisher Scientific Inc.), while its integrity was assessed using the Tape Station 4200 

system (Agilent Technologies), which gives a score of quality called DIN (DNA Integrity Number), 

comprised of 1 to 10 (a DIN of 10 corresponding to DNA of perfect quality). The DNA samples were 

subsequently frozen at -80°C before being sequenced on a MiSeq Illumina system (Genomic Analysis 

Platform of Laval University, IBIS) for microbiota analyses. 

 The V3-V4 regions of the 16S rRNA gene (~460 bp) were amplified. Amplicons were produced 

using the universal primers 347F: GGAGGCAGCAGTRRGGAAT, and 803R: 

CTACCRGGGTATCTAATCC. The libraries were prepared using the standard protocol for MiSeq 

Reagent Kit V3 and sequenced on Illumina MiSeq platform 300x2bp (Illumina Inc., San Diego, Ca, 

USA). For the bioinformatics analysis, the DADA2 pipeline was used (Callahan et al., 2016) 

considering the Silva database (Quast et al., 2013) (version 138.1) as reference for the taxonomic 

assignment. Primers were removed from the raw sequences, and forward and reverse reads were cut 

at positions 290 and 250 based on the average quality score. Other DADA2 settings were all left at 

their default values. 

 

2.6 Statistical analysis 

Zn, Cu and dry matter digestibility were estimated using an indigestible marker (HCl-insoluble ash) 

and using the following formula: 

Apparent digestibility (%) = (1 − (Fecescompound × Feedmarker) / (Fecescompound × Feedmarker)) 

×100. 

Data (growth performance and serum and fecal markers) were analysed using Minitab Statistical 

Software (version 21, State College, PA, USA). For growth performance (ADG, ADFI, FCR), the 

pen of 5 piglets was the experimental unit while for markers (faeces or serum) the pooled sample per 

pen was the experimental unit. The MIXED procedure function was used in fitted linear model and 

ANOVA. The statistical model included the fixed effect of the dietary treatment received by the pen 
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while the initial weight category (light, medium, heavy) was considered as a random effect. For 

marker analysis (faeces and serum), sampling time was added as a fixed effect to the model. Multiple 

comparisons within dietary treatments were done after Tukey’s adjustment. Fixed effects in the 

statistical model were considered significant at P ≤ 0.05, and trends at 0.05 < P ≤ 0.10. 

The statistical analysis on alpha diversity, beta diversity and taxonomic composition was carried out 

with R software using the phyloseq 1.44.0 (McMurdie and Holmes, 2011), vegan 2.6-4 (Dixon, 2003) 

and microbiomeMarker 1.6 (Cao et al., 2022) packages. For the alpha diversity, Shannon, and 

Simpson diversity indices where calculated and analysed using a linear model followed by ANOVA 

procedure including diet as factor. For the beta diversity, the Bray Curtis distance matrix was 

calculated and plotted using a Nonmetric multidimensional scaling (NMDS) plot. The effects of diets  

were tested using a non-parametric PERMANOVA model (Adonis test), with 999 permutations. The 

differential abundance analysis on the different taxa was performed using Linear discriminant 

analysis Effect Size (LEfSe) (Segata et al., 2011) implemented in the wrapper function included in 

the package microbiomeMarker 1.6 at the Family level. A cut-off of 3 and P.adj<0.05 were considered 

for the LEfSe analysis. 

A significant effect was declared at P <0.05, and P > 0.05 and < 0.10 was considered a tendency. 

 

3 Results  

3.1 Growth performance  

Table 3 reports the growth performance results. In the first phase, from d1 to d14, ADG and ADFI 

(P=0.001) resulted in higher outcomes in the ZnO group. Feed conversion was higher in the HiZox 

150 and 300 groups (P=0.002). Piglets from the ZnO group had a higher BW at d14 (P=0.001). In the 

second phase, from d14 to d28, ADFI and Feed conversion were the lowest in control group (P=0.02, 

P=0.004, respectively). A tendency was observed in the BW at d28, where the control group showed 

diminished BW compared to the other groups (P=0.077). In the third phase, form d28 to d42, ADG 

and the final BW at d42 resulted in higher outcomes in the ZnO group (P=0.016, P=0.019, 

respectively).  ADFI tended to be the lowest in the HiZox150 group (P=0.064), while feed conversion 

was higher in the control group (P=0.042). In the overall period, from d1 to d42, the ZnO and the 

HiZox300 groups showed the highest ADG (P=0.001), ADFI resulted in higher results in the ZnO 

group (P=0.001). 
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3.2 Fecal and serum mineral concentration 

Table 4 presents the effect of different sources and levels of Zn on fecal mineral concentration. Table 

5 presents the effect of different sources and levels of Zn on serum mineral concentration. The Zn 

fecal and serum concentration resulted in higher values in the ZnO group (P=0.001, P=0.037, 

respectively). 

 

3.3 Digestibility and mineral absorption 

Table 4 reports the effect of different sources and levels of Zn on mineral digestibility and absorption. 

Zinc digestibility was higher in the control and ZnO groups (P=0.007) compared to HiZox300. Zn 

absorption was higher in the ZnO group (P=0.001), the copper absorption had higher values in the 

HiZox150 group (P=0.044), compared to the other groups. 

 

3.4 Intestinal health  

Table 5 presents the effect of different sources and levels of Zn on intestinal or oxidative markers 

from faeces and serum. The interaction between the Zn source and timepoint was never significant, 

except for the neopterine (P=0.015) where concentration increased only Zn) group from d7 to d14. 

SOD was found to be influenced by the timepoint, having higher values at d14 (P=0.001). MDA 

concentration tended also to increase from d7 to d14 (P=0.092). The calprotectine was higher in the 

first timepoint, d7 (P=0.003). The citrulline was influenced by the Zn source, where it was higher in 

the control group (P=0.002), and by the timepoint, resulting higher in the first timepoint (P=0.001). 

The DAO was influenced by both Zn source (P=0.008) and timepoint (P=0.041), particularly, it was 

higher in the HiZox300 group compared to ZnO group with intermediate value for control and 

HiZox150 groups, and in the first timepoint. The D-lactate had higher outcomes in the ZnO group 

(P=0.015) than HiZox300 with intermediate value for control and HiZox150 groups, and at d14 

(P=0.044).  

 

3.5 Faecal microbiota  

A total of 16132 ASVs were obtained. The ASVs were associates to 21 phyla, 103 families and 283 

genera. The most abundant phyla belonged to Firmicutes 65±0.10%, Bacteroidota 29±0.07%, and 

Proteobacteria 4±0.09%; the most abundant families were Lactobacillaceae 28±0.08%, 
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Prevotellaceae 25±0.08%, and Lachnospiraceae 21±0.05%; and the most abundant genera were 

Prevotella_9 16±0.08%, Lactobacillus 13±0.04% and HT002, belonging to the Lactobacillaceae 

family, 12±0.05%. Alpha and Beta diversity results are shown in Figure 1 and Figure 2. Alpha 

diversity was not affected by diet. Regarding the Beta diversity, the Adonis test showed that the diet 

significantly affected the bacterial structure (R2= 0.21, P= 0.001). Figure 3 shows the results of the 

LefSe analyses at Family level. Piglets from the control group were characterised by a higher 

abundance of Enterobacteriaceae (P_adj=0.02, LDA_score= 4.71), Succinivibrionaceae (P_adj=0.03, 

LDA_score= 3.87), Campylobacteraceae (P_adj=0.009, LDA_score= 3.35), UCG-010 (P_adj= 0.02, 

LDA_score= 3.16), Gastranaerophilales_f__ (P_adj=0.005, LDA_score= 3.09), and 

Desulfovibrionaceae (P_adj=0.001, LDA_score= 3.09). The HiZox150 group was characterised by a 

higher abundance of Lactobacillaceae (P_adj=0.03, LDA_score= 4.89), Selenomonadaceae 

(P_adj=0.0006, LDA_score= 3.84), and Bradymonadales_f__ (P_adj=0.009, LDA_score= 3.45). 

Piglets form the HiZox300 were characterised by a higher abundance of Spirochaetaceae 

(P_adj=0.01, LDA_score= 3.74), and Christensenellaceae (P_adj=0.01, LDA_score= 3.50). The ZnO 

group was characterised by a higher abundance of Prevotellaceae (P_adj=0.04, LDA_score= 4.82), 

Lachnospiraceae (P_adj=0.009, LDA_score= 4.63), Ruminococcaceae (P_adj=0.003, LDA_score= 

4.08), Clostridiaceae (P_adj=0.03, LDA_score= 3.67), and Butyricicoccaceae (P_adj=0.009, 

LDA_score= 3.54). 

 

Discussion 

As already happen in the UE, the need of reducing the levels of Zn administered in the post-weaning 

diets it is crucial also in North America. Therefore, new strategies are needed to reduce the 

environmental impact, as well as reducing the selection of multi-resistant bacteria. 

Approaches with the use of cationic trace elements, like Zn, which, administrated in its porous form 

possess a high concentration of surface-active molecules, and that can be added into diets at lower 

levels, may represent significant potential. Additionally, these elements can exert a dual role, both as 

essential nutrients implicated in animal physiology as well as in maintaining gut health. 

This trial highlighted the positive results exerted by the pharmacological level of ZnO (2500 mg/kg), 

as confirmed by the increased growth performance results, where the positive ZnO group maintained 

higher BW and ADG through the entire trial. Moreover, Zn absorption was increased when piglets 

received the ZnO diet. However, the outcomes highlighted also the drawback of the addition of high 

levels of ZnO, indeed, the Zn faecal concentration was 10 times higher in the ZnO compared to the 
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other groups, confirming the negative environmental impacts related to the use of pharmacological 

level of ZnO.  

Moreover, to have a more comprehensive overall status, microbial composition was analysed. The 

ZnO group was characterised by positive bacteria, indeed, it was observed a higher concentration of 

Lachnospiraceae, which can improve the gut development by the production of butyrate (Gresse et 

al., 2019), and Ruminococcaceae family, which are able to produce acetate (Oh et al., 2021). The 

higher abundance of Christensenellaceae in the HiZox300 group represent a positive outcome, 

indeed, this family have potential beneficial effects since they are able to produce secondary bile 

acids, which are involved in the protective role towards the host from potential negative bacteria 

(Chernevskaya et al., 2020). The HiZox150 piglets were characterised by a higher abundance of 

Lactobacillaceae, which participate in cellulose degradation, as well as in the production of butyrate, 

therefore reducing the apoptosis cells rate, and diminishing the inflammatory status (Zhong et al., 

2019). A higher abundance of Succinivibrionaceae was found in the control group. These bacteria 

are characterised by the ability of breaking down carbohydrates, leading therefore to a positive effect 

in the establishment of a mature microbiota (Saladrigas-García et al., 2022). However, this group was 

also characterised by a higher abundance of Enterobacteriaceae, which consist of both positive 

bacteria, as well as pathogens. Indeed, analysing the bacteria composition of this group at Genus level 

(data not shown) it was possible to observe a higher abundance of Escherichia-Shigella, indicating a 

disrupted gut microbiota in piglets fed 150 mg/kg of conventional ZnO (Li et al., 2020).  

Moreover, in addition to the microbial composition, non-invasive intestinal health markers were also 

analysed in order to better understand the effects of different sources and levels of Zn in post-weaning 

gut health. An interesting outcome was observed for the citrulline level, which is a non-protein amino 

acid, produced by the enterocytes. Indeed, its concentration resulted higher in the first timepoint in 

the control group. Gy et al. (2000) found a citrulline upregulation production because of inflammation 

or stress response, therefore indicating increased metabolic disorder in piglets receiving the control 

diet. An interesting marker to assess mucosa integrity is the DAO concentration, indeed, when the 

integrity is disrupt, small intestine cells tend to encounter necrosis or apoptosis, therefore leading to 

an increase of DAO levels in the circulation system (Xiao et al., 2014). This higher serum level of 

DAO could be also associated with elevated activity in intestinal mucosa reflecting better maturity of 

small intestinal mucosa (Enko et al., 2016). Therefore, it can be hypothesised that piglets from the 

HiZox300 group encountered an alteration of mucosal regeneration profile following the weaning 

compared to ZnO group. This is confirmed by lower value of D-Lactate in piglets of HiZox300 group 

compared to ZnO group. The D-Lactate concentration in blood is approach to evaluate the mucosa 
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integrity. Indeed, elevated serum D-Lactate is associated with increased intestinal permeability and 

bacterial translocation (Ding et al., 2024; Kurundkar et al., 2010). In ZnO group, higher faecal level 

of neopterin on d14 suggest also a stimulation of inflammation. In fact, neopterin is a substance 

produced by activated monocytes/macrophages, of which IFN-γ is the main inducer. Serum, urinary 

and fecal concentrations of neopterin have been associated with chronic enteropathies in humans, 

such as Crohn's disease and ulcerative colitis (Husain et al., 2013; Nancey et al., 2013). These results 

suggest that the mode of action of HiZox300 treatment on the intestinal mucosa is different from that 

of the ZnO group but that porous Zn sources may act positively on intestinal health leading to 

increased growth following weaning. 

 

Conclusion 

In conclusion, this trial demonstrated the dual impact of pharmacological levels of ZnO 

supplementation on post-weaning piglets. Indeed, while the ZnO diet promoted improved growth 

performance, it also resulted in significantly elevated faecal Zn concentrations, highlighting the 

already documented environmental concerns related to the pharmacological dose of ZnO. The 

microbiota analyses revealed both positive and negative shifts among bacterial families across 

different treatment groups. The ZnO group had a beneficial increase in Lachnospiraceae and 

Ruminococcaceae, promoting gut health, while the HiZox150 and HiZox300 groups showed 

favorable outcomes with increased Lactobacillaceae and Christensenellaceae, respectively. However, 

the control group exhibited a higher abundance of Enterobacteriaceae, Family which include 

potentially pathogenic bacteria as Escherichia-Shigella, indicating possible gut dysbiosis. The 

analysis of non-invasive markers like citrulline, DAO, and D-Lactate provided additional insights 

into intestinal health and inflammation, though no conclusive evidence was found regarding mucosal 

integrity across the groups. Overall, while ZnO supplementation can enhance growth and certain 

aspects of gut health, its environmental impact and potential to induce gut inflammation warrant 

careful consideration, leading to the necessity of findings alternative. 
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Table 1. Composition of the experimental diets (1-14 days). 

Ingredients Control ZnO HiZox150 HiZox300 

Wheat 100 100 100 100 

Corn 351.52 347.53 351.71 352.51 

HP 300 (soy protein 

concentrate) 

95.4 95.4 95.4 95.4 

Soybean meal 159 159 159 159 

Whey 212 212 212 212 

Soybean oil 31.8 31.8 31.8 31.8 

Limestone 3.18 3.18 3.18 3.18 

Monocalcium 

phosphate 

3.71 3.71 3.71 3.71 

Salt 3.0 3.0 3.0 3.0 

DL-methionine 2.65 2.65 2.65 2.65 

L-Lysine- HCl 5.83 5.83 5.83 5.83 

L-Threonine 2.12 2.12 2.12 2.12 

L-Tryptophan 0.63 0.63 0.63 0.63 

L-Valine 1.27 1.27 1.27 1.27 

Phytase 1 0.30 0.30 0.30 0.30 

Vitamins/Minerals 

Premix 2 

5.0 5.0 5.0 5.0 

Zinc oxide 0.21 4.2 0 0 

Copper sulfate 0.38 0.38 0 0 

Porous Zinc Oxide 0 0 0.20 0.40 

Copper oxide 0 0 0.20 0.20 

Pro-Acid 3 2.0 2.0 2.0 2.0 

Celite 20 20 20 20 

Calculated composition  

Net energy, MJ/kg 11.02 11.01 11.02 11.02 

Crude protein, % 19.6 19.6 19.6 19.6 

Total lysine, % 1.46 1.45 1.46 1.46 

Digestible lysine, % 1.31 1.30 1.31 1.31 

Total calcium, % 0.39 0.39 0.39 0.39 

Total phosphorus, % 0.49 0.49 0.49 0.49 

Digestible 

phosphorus, % 

0.33 0.33 0.33 0.33 

Analysed composition   

Crude protein, % 19.4 19.9 19.6 19.2 

Total calcium, % 0.48 0.51 0.51 0.48 

Total phosphorus, % 0.50 0.50 0.51 0.50 

Zinc, mg/kg 183 2,672 168 290 

Copper, mg/kg 153 147 157 146 
1 Quantum Blue ( Abvista Marlborough, Wiltshire, UK) phytase added at 750 FTU/kg 

2 Supplemented per kg of feed. Iron: 110 mg, manganese: 30 mg, iodine: 0.5 mg, selenium: 0.3 mg , vitamin A: 12,500 

IU, vitamin D: 1,500 IU, vitamin E: 90 IU, vitamin K: 3 mg, vitamin B 12 : 30 µg, riboflavin: 6 mg, niacin: 40 mg, 

thiamine: 2 mg, pyridoine : 1.5 mg, biotin: 200 µg, pantothenate: 25 mg. 

3 Contains 15% fumaric acid, 12.5% lactic acid, 10% citric acid, 7.5% malic acid. Probiotech International Saint-

Hyacinthe, Qc , Canada  
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Table 2. Composition of diets for phases 2 and 3 (d14-28, d28-42) 

Ingredients Phase 2 (14-28 days) Phase 3 (28-42 days) 

Wheat 100 100 

Corn 435.22 552.56 

HP 300 (soy protein concentrate) 20 - 

Soybean meal 269 279 

Whey 93  

Soybean oil 40 30 

Limestone 9.6 9 

Monocalcium phosphate 12.0 8 

Salt 6.0 6.2 

DL-methionine 2.52 2.27 

L-Lysine- HCl 4.84 5.10 

L-Threonine 1.68 1.77 

L-Tryptophan 0.10 0.12 

L-Valine 0.84 0.78 

Phytase 1 0.20 0.20 

Vitamins/Minerals Premix 2 5.0 5.0 

Net energy, MJ/kg 10.5 11.35 

Crude protein, % 19.5 18.8 

Total lysine, % 1.42 1.38 

Digestible lysine, % 1.29 1.25 

Total calcium, % 0.73 0.60 

Total phosphorus, % 0.61 0.49 

Digestible phosphorus, % 0.48 0.36 

1 Quantum Blue ( Abvista Marlborough, Wiltshire, UK) phytase added at 500 FTU/kg 

2 Supplemented per kg of feed. Copper: 15 mg, iron: 110 mg, manganese: 30 mg, iodine: 0.5 mg, selenium: 0.3 mg, zinc: 

125 mg, vitamin A: 12,500 IU, vitamin D: 1,500 IU, vitamin E: 90 IU, vitamin K: 3 mg, vitamin B 12 : 30 µg, riboflavin: 

6 mg, niacin: 40 mg, thiamine: 2 mg, pyridoine : 1.5 mg, biotin: 200 µg, pantothenate: 25 mg.  
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Table 3. Effects of different zinc forms and levels on the performance parameters of post-weaning 

piglets. 

  

Item Control ZnO HiZoX150 HiZoX300 SEM P-value 

Phase 1 (d1-d14) 

Initial weight, kg 6.39 6.36 6.37 6.26 0.777 0.881 

ADG, g/d 208b 312a 215b 225b 13.6 0.001 

ADFI, g/d 274b 345a 287b 290b 11.9 0.001 

Feed conversion 1.28ab 1.11b 1.35a 1.29a 0.046 0.002 

Weight, d14 9.25b 10.70a 9.34b 9.47b 0.190 0.001 

Phase 2 (d14-d28) 

ADG, g/d 560 567 580 567 19.8 0.902 

ADFI, g/d 718b 815a 784ab 799ab 23.7 0.020 

Feed conversion 1.29b 1.44a 1.36ab 1.40a 0.029 0.004 

Weight, d28 17.06B 18.61A 17.42AB 17.84AB 0.455 0.077 

Phase 3 (d28-d42) 

ADG, g/d 757b 846a 810ab 816ab 39.6 0.016 

ADFI, g/d 1,200AB 1,288A 1,188B 1,241AB 29,0 0.064 

Feed conversion 1.59a 1.52ab 1.46b 1.47ab 0.036 0.042 

Weight, d42 27.78b 30.47a 28.79ab 29.34ab 0.605 0.019 

Total Performance (d1-d42) 

ADG, g/d 490b 576a 535ab 546a 16.5 0.001 

ADFI, g/d 724b 817a 753b 776ab 17.1 0.001 

Feed conversion 1.434 1.419 1.408 1.419 0.032 0.507 
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Table 4. Effects of different zinc forms and levels on the mineral fecal concentration, digestibility, 

and mineral absorption on post-weaning piglets. 

Item Control ZnO HiZoX150 HiZoX300 SEM P-value 

Fecal concentration 

  Zinc, mg/kg 1033b 12,268a 1121b 1727b 342 0.001 

  Copper, mg/kg 835 738 751 755 81.5 0.733 

Digestibility, % 

  Zinc 25.2a 23.0a 15.9ab 11.1b 2.99 0.007 

  Copper 18.6 18.8 26.9 20.2 3.01 0.152 

  Dry matter 85.6 83.9 84.1 84.3 1 0.232 

  Phosphorus 61.9 62.8 63.6 62.3 3.57 0.941 

  Calcium 63.5 68.4 64.9 62.7 3.42 0.586 

Mineral absorption 

  Zinc 51.9b 598.1a 31.4b 33.0b 18.5 0.001 

  Copper 28.5b 25.8b 42.3a 27.5b 4.56 0.044 

  Calcium 3.05 3.5 3.28 2.99 0.17 0.097 

  Phosphorus 3.07 3.11 3.23 3.09 0.18 0.65 
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Table 5. Effects of different zinc forms and levels on the intestinal markers from faeces and serum on post-weaning piglets. 

Item  Control ZnO HiZox150 HiZox300 SEM 
P-value 

Day Mineral Mineral*Day 

Serum Zn, µM 

d7 17.98ab 18.38a 16.95b 16.59b 1.380 
0.322 0.037 0.976 

d14 17.36ab 18.23a 16.12b 15.99b 1.380 

Serum MDA, µM 

d7 4.72 4.71 4.69 4.82 0.162 
0.092 0.94 0.286 

d14 4.88 4.83 4.87 4.83 0.162 

Serum FRAP, µM 

d7 248.42 242.77 233.51 239.81 35.240 
0.831 0.895 0.951 

d14 246.15 226.90 234.22 245.25 35.240 

Serum SOD, U/mL 

d7 2.34 2.32 2.63 2.52 0.376 
0.001 0.122 0.264 

d14 2.58 3.34 3.12 3.31 0.376 

Serum Citruline, µM 

d7 1579.04a 979.90b 942.19b 1081.48b 240.982 
0.001 0.002 0.469 

d14 987.03a 413.45b 770.30b 497.93b 220.881 

Serum DAO ng/mL 

d7 14.43ab 7.92b 20.33ab 25.08a 5.085 
0.041 0.008 0.959 

d14 7.42ab 3.55b 10.99ab 18.39a 5.085 

D-Lactate, mM 

d7 0.24ab 0.24a 0.22ab 0.21b 0.011 
0.044 0.015 0.249 

d14 0.23ab 0.26a 0.24ab 0.23b 0.011 

Feces Calprotectin, ng/g 

d7 5932.63 3416.26 4245.23 4882.72 790.712 
0.003 0.381 0.374 

d14 2645.68 2602.39 3229.60 3425.20 950.749 

Feces Neoptein, ng/g 

d7 2.10 1.45 1.80 1.29 0.347 
0.824 0.129 0.015 

d14 1.33 2.51 1.30 1.31 0.347 
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Figure 1. Effect of different zinc sources and levels administration on Alpha diversity in fecal 

samples of post-weaning piglets. 

 

 

Figure 2. Effect of different zinc sources and levels administration on Beta diversity in fecal 

samples of post-weaning piglets. 
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Figure 3. Effect of different zinc sources and levels administration on LEfSe at Family level in 

fecal samples of post-weaning piglets. 
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GENERAL DISCUSSION 

In the context of the pig industry, as already highlighted in the previous chapters, weaning is 

considered as the most stressful event in a pig's life. Indeed, this process occurs in a more abrupt and 

premature way than in the natural condition, and is accompanied with modification at the 

environmental, dietary, and social levels. The anorexic state induced by this stressful condition, which 

occurs immediately after weaning, is accompanied by structural changes of the intestinal mucosa and 

epithelium. Furthermore, the conclusion of the sow's milk intake, therefore accompanied by the 

ending of the passive immunity, could result in a higher susceptibility to the potential pathogenic 

bacteria, which can result in the occurrence of PWD. In the past, the in-feed antimicrobial substances 

were used to address the weaning-related illnesses. However, with the advent of the ban of the use of 

antibiotics as growth promoter (Regulation (EC) No 1831/2003, 2003), and of the pharmacological 

level of ZnO, novel nutritional strategies are imperative.  

It is of primary importance to discuss and understand the main factors influencing the intestinal health 

dysbiosis that may occur during the weaning transition. Indeed, to correctively evaluate gut health in 

pigs, there is the need to assess efficient absorption and digestion, a functional gut mucosa, an 

appropriate and balanced microbial community, an effective intestinal immunity, minimal activation 

of stress and neural paths, and the absence of diseases (Szabó et al., 2023). When one or more of 

these factors are not working correctly, the animals could encounter a dysbiosis condition. Moreover, 

physiological factors, such as weaning age or birth, and, therefore, weaning weight, could be 

responsible for alteration in the piglets’ health status, with particular focus on the GIT alterations 

(Everaert et al., 2017; Lyderik et al., 2023; Trevisi et al., 2023). Indeed, as discussed in the trials’ 

articles, the intestinal morphology, particularly in the distal jejunum, was characterised by a retarded 

maturation in both LBBW and Early weaned piglets. Indeed, in the first trial, piglets form the NBBW 

group showed enhanced VH:CD ratio, villus height, and absorptive mucosal surface compared to the 

LBBW. These outcomes could, therefore, show the physiological differences between the two body 

weight categories, giving a confirmation of how the weight of the piglets could influence the coping 

capacity in such a stressful condition as weaning is (Winters et al., 2023). Indeed, the differences in 

body weight could have been reflected in the delayed and altered development of the small intestine 

in the lightest piglets, beyond the weaning process (Arnaud et al., 2023). In addition, in the second 

trial, where piglets weaned at 21 or 26 days old, another confirmation of the different intestinal 

maturation was observed between the two weaning ages classes. Indeed, 8 days after weaning, Early 

weaned piglets where characterised by diminished VH:CD ratio, villus height and absorptive mucosal 

surface; same results which were observed in the birth body weight model. Indeed, it can be 

speculated that piglets weaned at a later stage or with a higher body weight may experience a less 
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severe stress response during the weaning process, which could lead to improved small intestinal 

health status. 

Another negative outcome given by the weaning transition is represented by the gut exposition to the 

new environment antigens, which, if the immune response is still not developed, would become a 

threat for the animals (St-Pierre et al., 2023). It is well defined how the primary intestinal line of 

defence, which is based on the adaptive mucosal immune system, is represented by immunoglobulins, 

mainly secretory IgA (IgAs), which are produced in the gut lamina propria by the plasma cells 

(Trevisi et al., 2013). In the first paper, a higher count of IgA was observed in the lamina propria of 

the crypts towards the lamina propria of the villi. This result is related to the stressful situation as 

weaning is. Indeed, in the post-weaning interval, it can be observed a reduced activity of the plasma 

cells, which is linked to a reduction in the stimulation towards antigens, which then leads to a decline 

in the secretion of IgAs (de Groot et al., 2021). This adaptation may have a beneficial effect on growth 

performance due to the decreased energy demand required to maintain the immune system (Serrano-

Jara et al., 2022). Taken the fundamental involvement of the IgAs in the reduction of the potential 

pathogens, the increased levels of IgA observed in the LBBW piglets at day 21 post weaning in 

comparison to the NBBW may be indicative of an active inflammatory response. Following the same 

inflammatory trend, a higher count of T lymphocytes and an increased expression of NFKB2 were 

observed in LBBW piglets fed the control diet (fed with ZnSO4). Indeed, the latter gene is involved 

in the inflammatory paths activations and have a role in the T lymphocyte activation (Barnabei et al., 

2021), leading to the hypothesis of a higher degree of the small intestine mucosa inflammation in 

piglets with low birth weight fed Zinc sulphate.  

A following confirmation of the higher coping issues related to early weaning was observed in the 

SCFA profile of Early weaned piglets. Indeed, they were characterised by reduced butyrate and 

valerate in the jejunum content 8 days post-weaning. The lower concentration of these two SCFAs is 

of crucial importance due to their involvement as source of energy for the GIT epithelial cells and 

their positive relation with the growth performance (Ferronato and Prandini, 2020). It is, however, of 

interest, to note how three weeks after weaning no differences were observed in terms of distal jejunal 

morphology and SCFA concentration between Early and Normal weaned piglets. Therefore, it can be 

postulated that the absence of differences in the small intestinal morphology and in SCFA amount is 

attributed to the acquirement of the same degree of intestinal maturity even in piglets that have been 

weaned at an early age. Knowing the fact that the GIT disturbances, particularly the small intestine 

morphology, are related to the performance parameters (Szabó et al., 2023), it is a consequence that 

LBBW and Early weaned piglets would have been characterised by lower growth-related outcomes 
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in the first period following weaning. Indeed, weaning age impacted on most of the performance 

values, resulting in lower BW, ADG, and FI in the Early group, confirming the more pronounced 

negative weaning effect on the Early weaned piglets. However, when the comparison was made 

shifting the Early group results one week later, therefore comparing the weight of the Early piglets at 

21 days post-weaning with the weight of the piglets weaned at 26 days old at 14 days post-weaning, 

we observed no difference. This result could lead to the hypothesis that the differences in the 

performance parameters were purely linked to their physiological differences. LBBW piglets 

resulted, as well, with lower BW, ADG and FI. In this latter trial, no comparison was made shifting 

the growth results, however, it can be hypothesised that the same trend would have been followed 

also with the different birth body weight classes, suggesting, therefore, that all the animals grew in 

accordance with their physiological program.   

In order to prevent and ameliorate the negative weaning-associated outcomes, a common practice 

was the use of antibiotics, however, currently their use is prohibited as growth promoter enhancer. 

Therefore, alternatives as the use of cationic elements like ZnO, administered at pharmacological 

level (2000-3000 mg/kg) have been adopted in order to overcome the weaning transition.  

Indeed, Zn is known as vital micronutrient which plays a crucial role in numerous physiological 

processes, including the synthesis of over 300 enzymes linked to gut development and immune 

response. It is essential for maintaining the integrity of the intestinal barrier by supporting the 

production of brush border enzymes as well as promoting the repair of damaged epithelial cells. Zn 

deficiency could, therefore, result in a reduced number of villi per unit area, atrophy in the villi, and 

consequently a decrease in the absorptive surface and secretion of digestive enzymes. 

Nevertheless, since June 2022, the piglets’ diets have now to contain a maximum of 150 mg/kg of 

total Zn. In this context it is important to be aware of the Zn content of the diets’ raw material, which 

in Europe is around 35/45 mg/kg (Revy et al., 2003), therefore leading to the necessity of adding the 

missing mineral quantity, considering, in addition, the type of source included. Indeed, it is of crucial 

importance the assessment in first instance of the solubility and availability of the source chosen. As 

already discussed in the previous chapter, ZnSO4 is recognised as reference when assessing the 

availability of Zn sources, therefore its value was set at 100% (Ma et al., 2021). When referring to 

bioavailability, the organic sources are accounted to have increased bioavailability in comparison to 

the inorganic forms of Zn as ZnSO4 or ZnO (Byrne and Murphy, 2022).  

In order to better understand the Zn role in the organism and its mode of action, we performed a meta-

analysis and a systematic review. From the first database we were able to observe that moderately 

high doses of ZnO, therefore from 600 mg/kg to 1600 mg/kg can produce similarly beneficial 
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outcomes for growth performance and intestinal health as the use of pharmacological doses. However, 

as already reported in the literature, it has been evidenced a plausible negative impact of 

pharmacological ZnO levels on the abundance of beneficial bacteria like Lactobacilli, indicating that 

other mechanisms may account for the ameliorative effects of ZnO, particularly when administered 

in higher doses, on overall gut health. Nevertheless, it is not possible to reach definitive conclusions 

based solely on the levels of E. coli and Lactobacilli, given the considerable diversity of the gut 

microbiota. However, form the second database, were only trials involving a challenge model were 

included, it was possible to confirm how feeding the piglets with pharmacological levels of ZnO had 

beneficial effect on growth performance as well as intestinal health status, even when animals were 

subjected to infection, mainly with ETEC. As for the database where different sources of Zn were 

compared, it was possible to evince how the chelated forms showed promising outcomes, since 

similar results were observed between their administration and the ZnO. In addition, promising data 

were also obtained by the coated Zn, particularly the lipid coated, and the encapsulated forms, due to 

their positive effects on the reduction of the intestinal permeability and in enhancing the net health 

status of piglets’ GIT. Moreover, based on the nano form of Zn results, it was possible to postulate 

that administering this source of ZnO may sustain or even enhance the beneficial effects associated 

with this type of Zn. As a matter of fact, the decreased molecular size may improve the absorptive 

surface in the GIT, thereby allowing for the same advantageous effects as the high doses of ZnO. 

Therefore, as suggested by the meta-analysis, it was possible to draw the conclusion that the ZnO 

effects are strictly dose dependent. Nevertheless, the findings also indicate that the Zn form influences 

its effectiveness on piglets’ intestinal health development. Indeed, a crucial factor appears to be the 

solubility of the Zn source, as a matter of fact, the lower solubility of ZnO when compared to ZnSO4, 

can be correlated to its greater local efficacy on the piglets’ intestinal tract, which will then lead to 

improved gut integrity as well as diminished oxidative stress.  

Therefore, in the trials presented in the current thesis, we chose to use as Zn source reference the 

ZnSO4, used as control group in both of the studies. An interesting result which was consistent in 

both of the trials was the diminished distal jejunal content pH obtained by the ZnO groups. Indeed, 

the pH reduction would favour the process of intestinal development and colonization by beneficial 

bacteria (Knecht et al., 2020), suggesting a possible ZnO-like effect from the use of the porous form, 

even when administered at 150 mg/kg. Another common outcome in the two studies was observed in 

the Zn transporters gene expression. Particularly, the control group, represented by the administration 

of ZnSO4, was characterised by the higher expression of SLC39A4, which encodes for ZIP4 Zn 

transporter, and plays a pivotal role in the Zn intracellular uptake to the intestine (Maares and Haase, 

2020). Indeed, since Brugger et al. (2021) noted a correlation of increased Zn uptake in a Zn 
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deficiency state animal, demonstrating that ZIP4 represent the main Zn transporter in the enterocytes, 

it can be presupposed that the administration of ZnSO4 at 150 mg/kg was not efficient to meet the 

piglets’ requirements as the porous form of ZnO was.  

Moreover, it is well known and discussed the microbiota shape-effect of Zn, particularly ZnO. Indeed, 

in the first trial, the groups, both LBBW and NBBW, fed with the porous form of ZnO, were 

characterised by Intestinimonas, Streptococcus, and Ruminococcus gauvreauii. All these genera can 

produce SCFAs, as butyrate and acetate, or branched chain fatty acids like isobutyrate and isovalerate 

(Streptococcus). Their concentration is of crucial importance since the fatty acids represent a viable 

source which can be involved in the decrease of the inflammatory markers and in the modulation of 

the host’s immune system (Cheng et al., 2024). Additionally, elevated SCFA levels lead to a reduction 

in intestinal content pH, which is strictly correlated with the inhibition of the growth of potentially 

harmful bacteria and enhanced bioavailability and absorption of zinc (Coudray et al., 2006). 

In addition, piglets fed the porous form of ZnO in the second trial were characterised by a higher 

concentration of lactate and with a higher abundance of Lactobacillaceae family 8 days post-weaning. 

This potential positive outcome could be related to the physical form of the ZnO source; indeed, it is 

characterised by a higher surface area which could have favoured the interplay between the GIT, 

especially the small intestine, and the Zn source. The association between ZnO use and the abundance 

of the Lactobacillaceae family in the intestine has been previously explored, with varying results 

depending on the dosage fed to piglets. For example, high doses of ZnO (2000 mg/kg) have been 

linked to a decrease in beneficial bacteria like Lactobacillus (Huynh and Zastrow, 2023). In contrast, 

lower doses, between 300 and 500 mg/kg, were found to enhance Lactobacillus spp. in the piglets’ 

feces, aligning with the results of the manuscript (Peng et al., 2019b). 

 

Conclusion  

Overall, the studies included in the present thesis confirmed the positive effects of the use of Zn in 

weaning piglets’ diet. Indeed, from the meta-analysis it was possible to confirm how the positive 

results in terms of gut health and growth performance with the use of pharmacological dose of ZnO 

could be obtained also substituting it with diverse source as chelated, nano, or porous forms of Zn. 

Moreover, from the two trials it was observed a positive impact of the porous form of ZnO tested in 

alleviating the weaning-related negative outcomes, especially in the small intestine development, in 

animals weaned early or born with a low birth body weight. Indeed, in both of the trials it was 

evidenced a positive effect on the GIT microbial composition and morphology, therefore leading to 
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an improved gut immune system activation and health. In addition, it was possible to point that 

physiological differences which were observed during the weaning transition could be strictly linked 

to the different ages or body weight status, indeed, as discussed, the animals grew in accordance with 

their physiological programmes, showing a positive growth curve. Therefore, it can be hypothesised 

that in order to diminish the differences, particularly in terms of small intestine development, 

nutritional strategies based on meeting the Zn requirements as well as promoting weaning recovery 

are still needed. 

 

Future prospective  

Due to the results highlighted from the manuscript presented in this thesis, it was possible to note the 

lack of efficient Zn sources substitute of the pharmacological levels of ZnO. Indeed, sources like 

porous form or chelated Zn showed similar results to high levels of ZnO, however, they were not 

completely able to substitute it, at least at the EU authorised dose. Moreover, to formulate an effective 

mineral-balanced diet for post-weaning piglets it is crucial to choose a source which can cover both 

the local as well the systemic effect to mitigate the weaning-related drawback. In addition, due to the 

negative effects related to the present sows’ hyper-prolific lines, the increase of heterogeneity 

occurred. It is crucial to focus more on the differences between littermates since the first period of 

piglets’ life influence their future development, in particular the weaning transition period, leading to 

the need of efficiently formulate feeds which can decrease the gut mucosa development differences 

between littermates.   
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