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Abstract 

In the combat against antimicrobial resistance, weaned pigs’ health and gut health has been 

impacted by reduction in antibiotics use and ban on in-feed zinc oxide (ZnO) in pig production. 

Fruits, vegetables or their waste are rich sources of bioactive compounds currently under 

investigation as animal feed resource to replace both antibiotics and ZnO. Red beetroot is an 

important example, with proven in vitro and in vivo anti-inflammatory, antioxidative, 

antimicrobial, anticarcinogenic, and hepatoprotective properties. However, empirical studies 

relating to its potential effect in weaned pigs are lacking. This thesis aimed to investigate the 

effects of red beetroot as a dietary supplement on health and gut health of weaned pigs, 

comparing outcomes with pigs fed a basal control diet (CON) and diet supplemented with 

pharmacological dose of zinc oxide (ZNO). Results showed that weaned pig diet 

supplemented with 2% red beetroot (RB2) preserved pig health, downregulated inflammatory 

cytokines and maintained gut microbiota metabolite production, compared to the control diet. 

RB2 diet also prevented exacerbation of weaning induced gastrointestinal changes and 

dysfunction. Diet RB2 behaved similar to ZNO, with improved gut microbiota diversity, 

functional pathways and reduced caecal Escherichia coli population. However, comparisons 

between these diets showed hepatoprotective ability of RB2 with increased hepatic 

antioxidant enzymes, while pigs fed ZNO diet presented predisposition towards hepatic 

oxidative stress and toxicity. Pigs fed an increased red beetroot level (4%) had high 

Proteobacteria abundance, with differentially abundant ileal Enterobacteriaceae and an 

upregulated pathway driving pathogenic E. coli and Shigellosis infection. A reduction in gut 

microbiota metabolite production (bile acids and short chain fatty acids) and an increased 

systemic pro-inflammatory cytokine interleukin-1B was also observed. Summarily, this thesis 

demonstrates in vivo anti-inflammatory, antioxidative and hepatoprotective characteristics of 

red beetroot, which may be linked to its betalain content and other bioactive components e.g., 

polyphenols. The similarities between RB2 and ZNO diets suggest, 2% red beetroot can 

potentially replace pharmacological doses of zinc oxide in weaned pig diet. Future research 

investigating the contributions of pure betalains and other components in red beetroot to 

health and gut health of weaned pigs are required. 
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 : General introduction 

1.1 Background - Antimicrobial resistance; a silent epidemic  

Antimicrobial resistance driven by the indiscriminate use of antibiotics in humans and food 

animals remain a serious threat to global public health (WHO, 2001; Gajdács and Albericio, 

2019). Over the past decades, antibiotics use in animals have brought great health benefits. 

For instance, in animal production, antibiotics have been administered as therapeutics, 

prophylactic, metaphylactic, feed efficiency enhancers and growth promoters (Aarestrup, 

2005). However, the routine and continuous use of antibiotics raises a public health concern 

of emerging antibiotic resistant genes in humans, animals and the environment (WHO, 2013; 

WHO, 2016; Van Boeckel et al., 2017; Boqvist et al., 2018).  

Pigs are regarded as important source of antimicrobial resistant genes with inappropriate use 

of antimicrobials in pig production thought to drive AMR in humans. Although antibiotics are 

effective in reducing disease occurrences in pig production, an extensive application of in-

feed antibiotics introduce a selective pressure that may cause lasting changes, or stable 

reservoirs of antibiotic resistant genes in animal associated microbiomes (Bengtsson and 

Greko, 2014; de Been et al., 2014). Consequently, the use of antibiotics in livestock 

production has been associated with the proliferations of multi-drug resistant pathogens and 

occurrence of antimicrobial resistant infections in humans (Marshall and Levy, 2011; Scott et 

al., 2018). There are reports of transmission of antibiotic resistant bacteria from animals to 

humans (McCrackin et al., 2016), and the identification of antibiotic resistant genes within 

microbiomes associated with the human-animal food chain and the environment (Forsberg 

et al., 2012; Hu et al., 2016).  

Subsequently, pharmacological levels of zinc oxide (ZnO, 3000 mg/Kg) were permitted to 

replace in-feed antibiotics in pig production, especially in weaned pig diet, to alleviate post-

weaning diarrhoea of young pigs. However, the use of ZnO and other metallic oxides as 

antimicrobials in livestock production co-selects for antimicrobial resistance associated with 

the proliferation of resistant bacteria species (Jensen et al., 2018) and serves as a major 

source of heavy metal pollution in the environment (from accumulation of metals e.g., zinc 

and copper). These have been linked to the persistence of methicillin-resistant 
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Staphylococcus aureus (MRSA) in food animals (Amachawadi et al., 2015; Malan et al., 

2015; Duan et al., 2016). 

Hölzel et al. (2012) observed correlations between Zn concentrations in pig manure and 

phenotypic antimicrobial resistance in E. coli. Similarly, in-feed zinc oxide (ZnO) used in pig 

production have been incriminated in the emergence of multi-drug resistant E. coli in food 

animals. An occurrence likely driven by bacteria resistance to zinc (metals) and antibiotics 

(co-selection) as well as enhanced plasmid uptake by conjugation during bacteria crosstalk 

in the host (co-regulation) (Bednorz et al., 2013; Yazdankhah et al., 2014).   

Antimicrobial resistance is caused by deoxy-ribonucleic acid (DNA) mutations, horizontal 

gene transfer (HGT) via transformation of the cell membrane, transduction or conjugation of 

the nuclei content (plasmid) from antibiotic resistant bacteria to other bacteria cells (Munita 

and Arias, 2016). Transfer of antimicrobial resistant genes (ARG) conferred by transferrable 

plasmid may be influenced by the presence of metals (e.g., Zn, Cu) used in animal farming 

and aquaculture. Thus, Zn possess the potential to act as a selective pressure that forces 

and contributes to the proliferation of antibiotics resistance in the environment (Seiler and 

Berendonk, 2012; Slifierz et al., 2014). Consequently, antimicrobial growth promoters and 

pharmacological levels of in-feed ZnO have been prohibited many countries. 

According to the World Health Organisation (WHO), an average of 10 million deaths from 

AMR is predicted by 2050, suggesting AMR is potentially a silent epidemic. Although AMR is 

not a leading cause of death and disability, it can complicate epidemic with rapid rise in cases. 

AMR is a chronic endemic condition requiring a long-term mitigation strategy (MacIntyre and 

Bui, 2017). Koch et al. (2017) proposed antibiotics need to be used more responsibly and 

findings from Bottery et al. (2017) indicated discontinuing antibiotics use inhibits resistance, 

whereas a continuous use promotes bacteria resistance. 

At present, practical approaches to combat AMR, particularly in animal production are 

necessary. Considering the three main point of transfer, the human interface, animals and 

the environment (Figure 1.1), cutting-back on the indiscriminate use of antimicrobials in 

animal production will ultimately impede the spread of AMR. Many developed countries (UK, 

EU, USA) have formulated policies to curb this menace by a ban on antibiotics use as growth 

promoters in livestock production, including pigs.  
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In the EU, the use of antibiotics as growth promoters was prohibited in 2006 (Regulation (EC) 

No 1831/2003 of the European Parliament and the counsel on additives for use in animal 

nutrition 2003), and policies guiding the withdrawal of pharmacological doses of ZnO from 

pig production have now been actioned. While several countries have restricted antibiotics 

use in livestock, AMR remains a global concern considering the contribution of low and 

middle-income countries - LMIC (Darwish et al., 2013) and the health impact. Therefore, there 

is an urgent need for replacement, safer alternatives exploring the use of natural herbs, 

functional food, nutraceuticals, dietary manipulations, plants, vegetables with bioactive 

compounds and health promoting benefits. 

 

             

Figure 1.1: The main factors (humans, animals and environment) involved in antimicrobial 

resistance along the food chain. * Antibiotics (WHO 2001) 

 

1.2 Alternatives to antibiotics use in animal production and their limitations 

Several alternatives to antibiotic usage have been proposed in literature, including 

antibacterial vaccines, immunomodulatory agents, bacteriophages and their lysin, 

antimicrobial peptides (AMPs), probiotics, prebiotics, and symbiotic, phytogenic feed 
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additives and feed enzymes (Seal et al., 2013). Some other less traditional options such as 

clay minerals, egg yolk antibodies, essential oils, medium chain fatty acids, rare earth 

elements and recombinant enzymes were reviewed in Thacker (2013), each presenting 

different advantages and limitations.  

Generally, anti-bacterial vaccines prevent bacterial infections, however in endemic situations 

vaccines compliment antimicrobial use, thus reduced antibiotic use and ZnO in pig production 

can be achieved by vaccination. Fricke et al. (2015) in their survey observed 60% reduction 

in colistin usage and 64% reduction in colistin combined with ZnO after vaccination against 

shigatoxin/oedema disease of young pigs. Truly, a few bacterial infections may be controlled 

by vaccines, however, vaccine development is very expensive and impracticable in low-

medium income countries (Zhang and Sack, 2012).  

Other examples such as immune-modulators and feed enzymes are neither bactericidal nor 

bacteriostatic; they preserve animal health (Cheng et al., 2014). Bacteriophages have also 

been used in food production, however with limited applications due to narrow host-strain 

specificity (i.e. strain dependent) and potential development of phage resistance following 

repeated exposure to the phage and emergence of unrelated members of the target bacteria 

genus /species (Endersen and Coffey, 2020; Vikram et al., 2021)  

Similarly, there are reports of adverse reactions with the use of some plant extracts and 

enzyme preparations (Sarcia and Hebraud, 2005), as well as setbacks in the use of probiotics 

in livestock production. Particularly, reduced populations of gut commensals, inactivation 

during in-feed processing, inability to attain high number of viable cells to colonize the gut 

and lack of standard dosage have resulted in varying effect of probiotics and safety risks 

(Cheng et al., 2014).  Biofilm inhibitors have also showed good results, yet only when used 

in combination with antibiotics and discontinued usage led to further production of bacterial 

biofilms (Lewis, 2001). Although AMPs have been shown to curb bacterial infections, their 

high cost and narrow action spectrum have restricted their wide use, they tend to induce 

bacterial resistance by altering the primary target of bacteriocins (Belfiore et al., 2007).  

There is a long and growing list of alternatives under evaluation for their ability to replace in-

feed antibiotics in livestock/pig production. Many studies have explored the potentials of 

these alternatives to replace antibiotic use in food animal production. However, existing 

evidence has demonstrated inconsistent contradictory findings regarding their potential use 
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as viable alternatives (Thacker, 2013). While combinations of some of these alternatives were 

thought to offer superior outcomes, Santana et al. (2015) observed similarities in the 

performance, pH of the digestive contents, organ morphometry or histology of the intestinal 

epithelium when weaned pigs were fed a combination of sodium butyrate, plant extracts and 

nucleotides. Hence, there is need for more research exploring other potential candidates. 

1.2.1 Current trends in pig production and antibiotic use 

Pigs are among the most important livestock species in the world and a major source of meat 

for human consumption (FAO, 2014). According to reports from the OECD-FAO 2019-2028 

(OECD/FAO, 2019), meat from pig (pork) has been projected as a pivotal nutritional source 

of animal protein in many parts of the world. To meet the world’s increasing demand for pork, 

there has been a surge in production. Hence, there is need to identify the critical phases in 

pig production and strategies for optimal pig performance in the face of a growing world 

demand and population. 

Pig production is faced with varied challenges stemming from climate change to farm waste 

management and increased cost of production from the current global energy and economic 

crisis. For pigs raised in an outdoor production system, the spread of faeces and waste to 

surrounding neighbourhood can constitute a menace (environmental pollution). 

Consequently, an increased aerosol transmitted disease burden often characterises the 

intensive/indoor pig production systems (Park et al., 2017). Stärk (2000) observed that faecal 

excretions from infected animals, high stocking density, contact between susceptible animals, 

causative microorganisms and a shared airspace are factors required for disease 

transmission in pigs reared intensively. As a result, antibiotics were historically used to reduce 

disease burden and increase production.  

Globally, pig production has become industrialised especially with rapid shift from outdoor, 

backyard production to intensive, indoor confined system. Asia (China) is responsible for 

more than 50% of the world’s pig population (50 million metric tons of pork per year), followed 

by the European Union (EU) and United States of America (USA) (Statista, 2022). Given the 

importance of pig production on a global scale, understanding the trends in antibiotics use in 

pig production is crucial to addressing AMR. The pig microbiome has been implicated as an 

important repository for diverse resistance genes (Looft et al., 2012), which makes the control 
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of antimicrobial use in pig production critical to curbing the development of resistant species 

and genes in the environment and food chain. 

 Highlighting the extent of antibiotics use in various phases of pig production, Lekagul et al. 

(2019), in their review of antibiotics use pattern reported in scientific literature between 2000 

and 2017, concluded that antibiotics were mostly administered as oral medication during 

suckling and post-weaning periods. Weaned pigs are often treated in groups during diarrhoea 

episodes, using medication in drinking water without any diagnostic test (Timmerman et al., 

2006; Filippitzi et al., 2014). Hence, antibiotics administered (up to 93%) were mainly as 

prophylaxis (preventive measure) with barely 7% used as treatment of clinically healthy pigs 

(metaphylaxis), very few studies clearly distinguished between metaphylactic and 

prophylactic antibiotic use (Callens et al., 2012).  

The farm size and type also played a significant role in the extent of antibiotic use; finishing 

and large farms used more antibiotics than small and farrow-to-finishing farms (Matheson et 

al., 2022). In a study conducted by Casal et al. (2007), 58% of farms surveyed used oral or 

in-feed antimicrobial prophylaxis and administered more than one compound, routine use of 

growth-promoters was significantly related to the production system, hence more frequently 

used in fattening units. Also, Kim et al. (2013) in a study conducted in Vietnam, observed 

comparable levels of antibiotics use across the various phases of pig production (piglets, 

fatteners and sows).   

Further evidence from literature revealed that weaned pigs received more antibiotics than 

pigs in other production phases (Sjölund-Karlsson et al., 2011; Jensen et al., 2012;  Fertner 

et al., 2015), especially as medicated feed for growth promotion. In Canada, 27% of antibiotic 

treatments were for multiple systemic infection (Glass-Kaastra et al., 2013). The lowest 

antibiotic use was reported in France and Sweden especially for fatteners with about 17% of 

total use for all the phases (Jensen et al., 2012). In a French pig veterinarian-based survey, 

10% of antibiotics prescriptions were for treatment of disease conditions including post-

weaning E. coli infection, however the study failed to specify the production phase in question 

(Chauvin et al., 2002; Sjölund et al., 2016). These findings highlight the increased use of 

antibiotic in pig production especially during the weaning and post-weaning period. 

Ultimately, finishing units were 84% to 94% more likely to use antibiotics than those in the 

farrow- to- finish units (43% - 92%) according to Merle et al. (2012). This suggests that 

although study environment, practises and policies may differ, AMR remains a global threat. 
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Given the current extent of antibiotics use in pig production and the emerging threat of AMR, 

there is need for continued global efforts to reduce antibiotics use in pig production and proffer 

viable alternatives.  

1.3 Weaning, weaning transition and post-weaning diarrhoea (PWD) of pigs  

Weaning is a transitory period in the course of a pig’s life, where the young pig undergoes 

series of dietary, societal and environmental changes (Lallès et al., 2007). It is a crucial and 

stressful phase as piglets are withdrawn from the sow and solid feed replaces a milk-based 

diet. Weaning transition takes a longer process for pigs raised in their natural environment 

without human intervention, however for pigs raised intensively and for commercial purpose 

it is abrupt and ranges between 3 - 5 weeks, depending on the process adopted by the farm 

(Eriksen et al., 2021).  

Generally, weaning is characterised by a decline in colostrogenic and lactogenic immunity 

from abrupt discontinuation in suckling, separation to a nursery environment and adaptation 

to solid feed, which induces stress and increases disease susceptibility of weaned pigs (Heo 

et al., 2013; Campbell et al., 2013; Poonsuk and Zimmerman, 2018). The change in diet to a 

more complex feed at weaning induces low intake in the first week post-weaning, causing 

anorexia, which has been strongly associated with the risk of disease occurrence. Weaning 

anorexia, contributes to lack of nutrients, gut dysbiosis that may upset the gut integrity leading 

to increased intestinal permeability and susceptibility to post-weaning diarrhoea. Therefore, 

weaned pigs are not only faced with adapting to a new environment and pen mates, but 

gastrointestinal changes (e.g., villus atrophy, crypt hyperplasia, microbiota shift) that may 

negatively affect digestive capacity and immunity (Barszcz and Skomial, 2011; Moeser et al., 

2017; Guevarra, et al., 2018).  

Additionally, the gastrointestinal tract, microbial community and mucosal immunity of the 

young pig is underdeveloped, hence the gut health and other gastrointestinal functions (e.g., 

absorption, barrier function and permeability) may be greatly compromised (Pluske 2016; 

Gresse et al., 2017; Moeser et al., 2017; Pluske et al., 2018). These stressful events 

accompanying weaning have been reported to cause disruption and alteration of the pig gut 

microbial composition, leading to post-weaning diarrhoea and other enteric infections (Lallès 

et al., 2007). Overall, the post-weaning period is characterised by poor piglet performance 

and health as young pigs become increasingly vulnerable to pathogenic invasion that often 
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require antibiotics protection and/or in-feed ZnO to weather through (Pluske et al., 2019; 

Campbell et al., 2019).   

Post weaning diarrhoea (PWD) is a multifaceted condition that is alleged to evolve from the 

interactions between piglets and the sow before weaning, the environment and infectious 

agents e.g., bacteria, viruses. Its occurrence at weaning, the most pivotal phase of pig 

production, makes PWD one of the most economically relevant enteric disease with resultant 

financial loss globally (Hong et al., 2006; Rhouma et al., 2017; Eriksen et al., 2021). PWD 

affect pigs during the first 14 days post-weaning, it is characterised by sudden death, profuse 

diarrhoea, dehydration, significant mortality (up to 20% - 30%), weight loss and growth 

retardation in surviving piglets (Amezcua et al., 2002; Fairbrother et al., 2005). Consequently, 

increasing the potential of antibiotics use, cost of therapy and production. 

Many pathogens and enterotoxigenic Escherichia coli (ETEC) can initiate PWD in pigs. ETEC 

can produce enterotoxins and adhesins that enhance microbial attachment and toxin release 

into the intestinal lumen. Predominantly described in literature is ETEC strain 0149 or 

combinations of other 0149 serotypes designated as heat-labile toxin (LT), heat-stable toxins: 

STa, STb and entero-aggregative heat-stable toxin (EAST1:F4ac) (Gyles and Fairbrother, 

2010; Delisle et al., 2012). PWD can also be caused by protozoan parasites like coccidia, 

and Cryptosporidium parvum, and viruses (e.g., rotavirus, sapovirus) (Luppi et al., 2016; 

Eriksen et al., 2021), which may co-exist with bacterial infection, exacerbating PWD of young 

pigs and complicating disease prognosis. Although, these parasitic infections are still 

endemic in some LMIC, the importance of laboratory diagnosis prior to treatment cannot be 

underestimated in control and prophylactic measures against PWD, to avoid inappropriate 

antimicrobial use. A recent fall-out of the ban on ZnO in weaned pig diet is research efforts 

geared towards the development of point-of-care based test and rapid diagnostic techniques 

for identifying the aetiology of PWD (Malik et al., 2019; Jakobsen et al., 2022; Olech, 2022).    

In recent times, non-ETEC post-weaning diarrhoea with or without haemolytic E. coli 

excretion have been increasingly reported (Luppi et al., 2016; Pluske  2016). Depicting a shift 

in the range of pathogens incriminated in PWD, with the gut microbial composition also 

deemed to contribute significantly to the occurrence and prevention of PWD (Gresse et al., 

2019). To further complicate the occurrence of PWD, weaning induced intestinal dysbiosis 

predisposes weaned pigs to intestinal inflammation and diarrhoea (Gresse et al., 2017). 

Intestinal dysbiosis is characterised by gut microbiota alteration with remarkable decrease in 



 
 
 

9 
  

obligate anaerobic bacteria (e.g., Prevotellaceae, Clostridiaceae, Actinobacteria), and 

increase abundance of facultative anaerobes e.g., Enterobacteriaceae (Winter et al., 2013). 

These obligate anaerobes are important fibre fermenters responsible for gut metabolites 

production (e.g., short chain fatty acids - SCFA) found to increase with dietary 

supplementation of weaned pig feed with prebiotics, probiotics, dietary fibres, phytochemicals 

and plant bioactives. They modulate the gut microbiota to reverse/prevent adverse microbiota 

changes resulting from weaning transition (Guerra-Ordaz et al., 2014; Wang et al., 2018).   

Therefore, weaning remains a critical hazard point in pig production, with potential threat to 

pig growth, health and performance. In addition, there exist a challenge to maintain gut health 

and functionality, prevent gut microbiota disruption in efforts to avoid economic losses 

associated with the weaning transition and post-weaning period. Nonetheless, in the likely 

occurrence of PWD, strategies focused at alleviating stress and improving gut health without 

promoting bacterial resistance or proliferation of resistant bacterial genes should be 

prioritized.  

1.3.1 Weaning associated changes in the gastrointestinal tract  

The gastrointestinal tract is the site for nutrient digestion and absorption, crucial to the gut 

health and immune functions of pigs. After weaning, the GIT undergoes morphological, 

immunological and microbial modification in adaption to changes induced by weaning and 

weaning stress. According to Burrin and Stoll (2003) and Montagne et al. (2007), weaning 

changes associated with the intestinal physiology were summarised into an acute phase 

characterised by deterioration of the gut structure and function, observed between 0 - 5/ 0 - 

7 days post weaning, and an adaptive phase (5 - 15 / 7 – 14 days), where the gut adapt to 

the weaning diet which follows subsequently (Figure 1.2).  

Although, this division was based primarily on changes in feed intake, each phase is 

characterised by several physiological, structural and clinical features that culminate to impair 

gut health and development. Changes in the gut morphology are characterised by decreased 

(atrophied) villus height, increased (hypertrophied) crypt depth and reduced villus height to 

crypt depth ratio (Pluske et al., 1997; Boudry et al., 2004). Hampson (1986) demonstrated 

rapid villi atrophy up to 25 - 35% within 24 hrs of weaning in 21-day old pigs. Impaired nutrient 

absorption, loss of matured enterocytes and reduced brush boarder digestive enzyme activity 

have been reported in many studies (Lallès 2010; Lackeyram et al., 2010). Changes in 
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hormonal zinc activity, reduced gastric motility and increased permeability to antigens and 

toxins were also emphasised in Heo et al. (2013) and Bomba et al. (2014). 

 

 
 

 

Figure 1.2: Acute and adaptive gastrointestinal development phase in weaned pigs  

(Source: Burrin and Stoll, 2003).   

 

Weaning induces a structural breakdown in the intestinal barrier via disruption of the tight 

junction proteins (e.g., Zona occludens, Claudins and Occludin) expressed by the epithelial 

cells, which increases the intestinal permeability, promoting pathogen entry and inflammatory 

responses. The intestinal barrier is primarily responsible for preventing loss of electrolytes, 

salts and water, thus enabling host-gut homeostasis (Bischoff et al., 2014). An increased 

intestinal permeability (i.e., leaky gut) is the common pathway to diarrhoea occurrence in 

weaned pigs, although many other factors have been observed to contribute imperceptibly to 

the development of diarrhoea. 

Importantly, the connection between the gut microbiota, intestinal barrier function and 

inflammation have been recognised, with improved growth performance and reduced 

diarrhoea occurrence found to be associated with increased SCFA production, especially 

butyrate/butyrate-producing bacteria (Ma et al., 2012; Grilli et al., 2016).  The loss of gut 

microbiota diversity during the weaning transition has been linked to increased intestinal 

permeability with higher susceptibility of toxins and pathogens crossing through the intestinal 

epithelium.   
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Conversely, many studies have attributed improved feed intake, growth performance and 

reduced PWD to dietary supplementation with butyrate sources. The benefits of butyrate 

confirmed in vitro and in vivo are mediated by the impacts on the intestinal barrier function, 

via the regulation and repair of damaged intestinal epithelium, and as an energy source for 

mucosal cell development (Plöger et al., 2012; Furusawa et al., 2013; Han et al., 2020). 

Butyrate inhibits the expression of pro-inflammatory cytokines (interleukin 6, 17, and NF-kB 

signalling pathways), modulate inflammatory cytokines and tight junction proteins along the 

gut, thus it possesses anti-inflammatory potential that enhances intestinal permeability, 

barrier function and prevents oxidative stress (Wang et al., 2018; Wang et al., 2019). The 

ability of butyrate to mediate host appetite and immune function through the gut microbial 

composition (Zhong et al., 2019; Wu et al., 2023), inhibit enteric pathogens e.g., 

Enterobacteriaceae (Namkung et al., 2011) and promote overall gut health (Huang et al., 

2015; Wang et al., 2020) have all been documented. 

The gastrointestinal and systemic immune response to weaning involves alteration in the 

production of inflammatory cytokines and activation of inflammatory response pathways. Pro-

inflammatory cytokines exert influence on the intestinal integrity and epithelial functions in 

relation to permeability and nutrient transport as previously alluded to. Tumour necrosis factor 

(TNF), a pro-inflammatory cytokine is a key mediator of intestinal inflammation, inducing 

increased tight junction permeability and reported to promote predisposition and exacerbation 

of gastrointestinal dysfunction (Ye et al., 2006). Pié et al. (2004) also demonstrated up-

regulation of pro-inflammatory cytokines (e.g., interleukin (IL) - IL1B, IL6 and TNF) in pigs 

weaned at 28-days old. An increased expression of pro-inflammatory genes has been linked 

to poor pig performance and responsible for the course of post-weaning diarrhoea (Campbell 

et al., 2013). More so, Zeng et al. (2016) and Wei et al. (2017) revealed that gut inflammation 

supports increased intestinal Enterobacteriaceae (E. coli) population and reactive oxygen 

species (ROS) 7 days after weaning.  

Usually, the stressful effect of weaning is expected to abate within a short period (3 - 5 days) 

however if unresolved, gut inflammation and increased expression of pro-inflammatory 

cytokines can severely impact host metabolism. The GIT is the major site for amino acid 

oxidation and utilization of amino acids (nutrient utilisation) needed for protein synthesis ( 

Burrin and Stoll, 2003; Bauchart-Thevret et al., 2009; Ren et al., 2015). Unavailability of 

nutrients via reduced feed intake, alters the GIT structure and amino acid metabolism during 
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the weaning transition, impeding protein synthesis and reducing lean tissue deposition (Feder 

and Hofmann, 1999; Campbell et al., 2013). According to figure 1.2, the change in DNA mass 

was associated with the change in protein mass, which may explain the growth check (about 

50% reduction in pre- weaning weight) observed during the first few days post weaning (acute 

phase).  

Aside the physiological and GIT changes associated with weaning, the abrupt change in diet 

and environment at weaning causes a shift in the gut microbial composition, mostly 

evidenced by reduced microbial richness and diversity (Bauer et al., 2006; Voreades et al., 

2014). The gut microbiota interacts with the host to modulate biological processes essential 

for health. However, the gut microbiota of weaned pigs can also be modulated by dietary 

interventions aimed at promoting gut health via increased fermentation and production of gut 

signalling molecules (SCFA e.g., butyrate) that aid prevention of gut inflammation and enteric 

pathogen invasion (van der Beek et al., 2017; Xiong et al., 2019). This emphasizes the 

importance of evaluating the functional properties of dietary supplements and the benefits of 

supplementation of weaned pig diet to achieve optimal response.   

Dietary and managemental interventions post-weaning is necessary to curb weaning induced 

deleterious effects. It is well established that diet is a major factor that shapes the gut 

microbiota, and numerous literature have reported on interventions using dietary fibres, 

proteins, feed additives and other feed ingredients focused at maintaining gut morphology, 

functionality (digestive and absorptive capacity, immunity) and health (Li et al., 2018; 

Choudhury et al., 2021). Modulation of the gut microbiota presents an attractive approach for 

increased gut butyrate production and other healthy microbiota metabolites. This will 

strengthen the immune system to fight pathogenic intrusion, enhance growth performance 

despite prevailing weaning changes and stress. Due to age-related changes in the gut 

microbiota and influence on growth performance and development, the timeliness of dietary 

interventions for weaned pigs is essential to shorten debilitating effects during the acute 

phase. This re-echoes the argument of providing creep feed for young pigs prior to weaning.  

Dietary interventions should be accompanied with adequate managemental techniques, 

importantly ensuring optimum biosecurity measures are in place, and an all-in-all production 

to curtail disease spread. Intensively raised weaned pigs should be housed ideally in flat 

decks and well-constructed pens as against manure and soiled beddings, with easy access 

to feeding troughs and drinkers, ensuring that weaned pigs have opportunity to feed 
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immediately after weaning. It is necessary to provide adequate temperature in the nursery 

facility (26 - 28°C) to prevent heat stress or hypothermia, low temperature have been reported 

responsible for severe course of PWD (Rhouma et al., 2017). 

1.3.1.1 Gastrointestinal microbiota; from birth to weaning 

The microbiota of the GIT describes a dense, dynamic and highly complex community of 

microorganisms that colonize the gut, containing mostly bacteria, estimated to be over 100 

billion (1014) (Leser and Molbak, 2009). The gastrointestinal tract is in close interaction with 

the host and other members of the microbial community and has been reported to comprise 

over a 1000 bacterial species, with more than a 100-fold number of genes in the mammalian 

genome, responsible for numerous biological functions in the host (Bäckhed et al., 2005). 

The gut microbiota serves as a functional organ that regulates many physiological functions 

in the host such as, digestion, growth modulation, immune system maturation (Rescigno, 

2014), metabolism (Davila et al., 2013) and prevention of infections (Lee and Hase, 2014; 

Marchesi et al., 2016). It links the host immune system exerting control on many pathways 

that modulate the functionality of organs and systems (e.g., the brain and the immune system) 

thus contributes to the host homeostatic regulation (Dietert and Silbergeld, 2015; Celi et al., 

2017).  

The pig gut microbiota is a complex, dynamic ecosystem, undergoing compositional changes 

under the influenced of diet, environment and the host genome (Isaacson and Kim, 2012), 

additionally these factors significantly affect the functions and development of the intestinal 

microbiota. Early interventions and establishment of the gut microbiota provide stability to the 

gut and has been shown to enhance maturation of the intestinal immune system, barrier 

function and consequently the health and growth of pigs (Everaert et al., 2017; Schokker, 

Dirkjan et al., 2018; De Vries and Smidt, 2020). Therefore, early life establishment of a stable 

microbiota in crucial to the development of pigs. Depending on the environment, piglet gut 

microbiome modulation can be targeted by modulating the sow’s gut microbiota and milk 

composition during gestation or lactation (Baker et al., 2013; Cheng et al., 2018). 

Prior to birth, the gut of the neonate pig is believed to be germ-free, however at birth, piglets 

are exposed to a variety of bacteria from the birth canal, vagina, faeces and environment of 

the sow. The vaginal microbiota is usually influenced by the sow’s faeces and has been found 

to contribute significantly to the early colonization of the intestinal microbiota of the piglets 
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(Nowland et al., 2019). Following birth and commencement of intestinal nutrition, the maternal 

milk becomes the main source of energy, nutrients (lactose, milk oligosaccharides, amino 

acids, fats) and substrate activating digestive functions which also alters the gut microbial 

composition greatly (Liu et al., 2019).  

During the post-natal period, piglets show increased Bacteroides and Rumminococcaceae 

abundance with milk bioactive constituents (e.g., immunoglobulins, antimicrobial and anti-

inflammatory factor) also contributing to the establishment and development of the pig’s 

immature immune system and gut microbiota (Thai and Gregory, 2020). Additionally, 

Choudhury et al. (2021) reported increased Ruminococcus, Lachnospiraceae, Roseburia and 

Prevotella in the colon of suckling pigs on creep feed, a microbiota shift that was associated 

with post-weaning intestinal development. 

However, at weaning, pigs undergo stress that may lead to gut microbiota disruption and 

dysbiosis which may impede the functions of the microbiota predisposing weaned pigs to 

gastrointestinal infections and dysfunctionality (Gresse et al., 2017). The microbiota shift 

(change) at this stage is attributed mainly to the abrupt transition from liquid to a solid (plant-

based) diet, which affect the physicochemical conditions of the digesta and substrate 

availability for energy metabolism (Dunne-Castagna et al., 2020; Meng et al., 2020).  As the 

pig progress in age, the gut microbiota undergoes microbial succession until a climax (stable) 

community is achieved, usually from start of solid diet intake till the finishing phase (Honda 

and Littman, 2016).   

1.3.1.1.1 Weaning transition and gut microbiota changes  

Weaning induces qualitative and quantitative changes in the gut microbiota, which has been 

linked to PWD in many studies (Costa et al., 2014; Pop et al., 2014). Understanding the pig 

gut microbiota dynamics during weaning transition contributes to the overall health, growth 

performance and well-being of the pigs. This will provide insights into efficient management 

of pig health and gut health during the weaning transition. There are evidence suggesting a 

decreased Lactobacillus population and increased population of pathogenic bacteria species 

(e.g., Escherichia), a hallmark difference between healthy and diarrheic pigs, consequently, 

exposing young pigs to increased risk of GIT infections (Fouhse et al., 2016; Dou et al., 2017; 

Yang et al., 2019). 
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Lactobacilli are core genera of a healthy pig gut microbiota alongside other fibre-fermenters, 

with members identified to promote overall health and growth performance. They influence 

the intestinal physiology, immune system, enable a balance intestinal ecology (Niu et al., 

2015; Yang et al., 2019) and induce resistance to GIT infections, especially species with 

probiotic properties (Valeriano et al., 2017). Zhao and Kim (2015) observed improved gut 

microbial balance and diarrhoea reduction by high lactobacilli to enterobacteria ratio, 

therefore, abundant gut lactobacilli increase the population of other beneficial bacteria (e.g., 

Bifidobacterium and Faecalibacterium), competitively preventing colonisation of the gut by 

pathogenic bacteria species (Liu et al., 2014; Wang et al., 2019).  

The host genome also contributes significantly to the gut microbiota shift observed in the 

early pig life and weaning, it determines the susceptibility or resistance of pigs to post 

weaning infections. Surprisingly, high abundance of Firmicutes and Bacteroidetes were 

observed as core gut phyla regardless of the breed, Lactobacillus was predominant at the 

genus level and Prevotella was prevalent in the caecum. However, Firmicutes was more 

abundant in Landrace pigs than in Duroc and Yorkshire (Pajarillo et al., 2014). Predisposition 

of weaned pigs to gut microbiota shifts leading to post weaning diarrhoea have also been 

linked to host genetic background with particular reference to the presence of intestinal 

receptor for ETEC Fimbriae; (F4 and F18) (Ren et al., 2012; Schroyen et al., 2012; Riis et 

al., 2018). 

Similarly, antibiotic use during the weaning period can cause further disruption to the gut 

microbiota stability and diversity, which may favour intestinal inflammation. Especially, when 

broad-spectrum antibiotics are used, they possess the ability to destroy or prevent both 

pathogenic and beneficial microbes in the gut (Zhang et al., 2016; Dou et al., 2017). Notably, 

Bacillaceae and Lactobacillaceae bacteria families with species known to produced different 

antimicrobial compounds (e.g., bacteriocins, lantibiotics, non-ribosomal peptide synthetase) 

were found depleted in antibiotics treated animals according to (Lan et al., 2017). 

Consequently, antimicrobial compounds may exacerbate enteric infections and other 

adverse effects of weaning transition on the GIT (Gresse et al., 2017). 

A striking increase in Proteobacteria (1 to 11%) was observed in control pigs against 

antibiotics treated pigs in Looft et al. (2012) on day 14, from which E. coli resistant genes 

were identified in 62% of the population. The same study also reported decreased 

Bacteroidetes (genus; Prevotella) against an increase that characterises a normal swine 
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microbiome. Similar changes in gut microbiota populations with antibiotics were 

demonstrated in many studies (Lamendella et al., 2011; Kim et al., 2012). Li et al. (2017), 

after a 28-day experimental period, observed slight increase in Firmicutes in the jejunum and 

ileum but reduction in the caecum and colon. Meanwhile, age dependent changes with 

antibiotics use, of increased Bacteroidetes (6.5% to 33%) from day-15 onwards and a 

decrease in Proteobacteria (13.8% to 1.7%) from day 0 to 37 post weaning was reported in 

(Soler et al., 2018). Antibiotics treatment significantly altered ileal and faecal SCFA 

concentrations in comparison to the control group in Pi et al. (2018) with reduced bacteria 

phyla Firmicutes and Bacteroidetes. 

1.3.1.2 Gut microbiota metabolites  

The gut microbiota wields its function on the host physiology through signalling molecules 

produced from the digestion of substrates in the gut. These products termed metabolites, 

play important role in host-microbiome crosstalk and are intermediate or end products of 

microbial metabolism of dietary substrates in the host, modified molecules produced by the 

host (e.g., bile acids), or directly by bacteria regulation (Gill et al., 2021). Some metabolites 

are produced exclusively by the gut microbiota (e.g., short chain fatty acids - SCFAs and 

secondary bile acids), while other like polyamines, indoles and phenols are produced by 

interaction between the gut microbiota and the host cells. Gut microbiota metabolites 

influence immune maturation, immune homeostasis, host energy metabolism and maintain 

the intestinal integrity (Arpaia et al., 2013; Fan and Pedersen, 2021).  

The gut microbiota is a complex system with each bacterial species and strain capable of 

performing specific functions resulting in inter-individual variations in metabolic output. 

Alterations in the gut microbiota have been found to influence metabolic output and functions 

in the host and has been implicated in the aetiology and pathogenesis of many diseases 

(e.g., autoimmune, cardiovascular diseases, Crohn’s and ulcerative colitis in humans) 

(Ottman et al., 2012; Perez-Lopez et al., 2016; Zhou et al., 2021). Diseases can cause 

alteration in the gut microbiota metabolites, where the metabolite serves as a biomarker for 

diagnosing the disease. However, changes in the gut microbiota can incite diseases 

(metabolic disorder), depicted through deviations in the metabolite profile, hence a risk factor 

for that disease (Ma et al., 2022). Accordingly, the gut microbiota metabolite profile can be 

used to uncover differences in the gut microbiota of healthy and diseased subjects and are 
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detectable in a wide range of biological tissues including digesta, faeces, blood, tissue 

homogenates and liver (Holmes et al., 2011; Krishnan et al., 2018).  

The composition and diversity of the gut microbiota of weaned pigs is highly impacted by diet, 

importantly, the level and sources of dietary protein and fibre offered to pigs post weaning 

(Huting et al., 2021; Gao et al., 2022). Varying the level of crude protein in the diet influence 

by-products of amino acid fermentation. Dietary composition and supplementation of weaned 

pig diet also influence the gut microbiota composition causing increases or depleted 

production of metabolites and corresponding biological response, owing to the growth or 

inhibition of certain groups of enteric microorganisms (Vasquez et al., 2022). In-feed antibiotic 

growth promoters and antibiotics treatment can alter the gut microbiota metabolism of lipids, 

bile acids, amino acids and amino acid related substances in the gut (Becattini et al., 2016).  

Notably, dietary fibre has been described responsible for the production of gut microbiota 

metabolites especially short chain fatty acids (SCFA), due to its fermentability in the lower 

segment of the gut (Heinritz et al., 2016). The potential benefit of dietary fibres on the gut 

health and as therapeutic agent in gastrointestinal disorders is attributed mainly to its ability 

to regulate digestion, improve glycaemic and lipidemic responses, limit bile acid resorption 

by plasma cholesterol regulation, influence digesta transit, and enhance microbiota 

composition and fermentation (Holscher, 2017; Gill et al., 2021). The role of dietary fibre in 

the control of PWD of pigs may have stemmed from these health promoting functions and 

metabolites production.  

Similarly, plant polyphenols have been reported to act as substrate for microbial production 

of phenolic acids and SCFAs, the gut microbiota transformation of polyphenols into these 

metabolites and subsequent modulation of the gut microbiota composition and metabolism 

yields beneficial health outcome in the host (Tuohy et al., 2012; Ozdal et al., 2016). Two main 

metabolites produced by the gut microbiota (short chain fatty acids and bile acids) are 

discussed further. 

1.3.1.2.1 Short chain fatty acids (SCFAs) 

Short chain fatty acids (SCFAs) are microbial metabolite produced from the fermentation of 

indigestible polysaccharides (e.g., fibre and resistant starch) (Louis and Flint, 2017;  Nakatani 

et al., 2018). In cases of low dietary fibre diet, branched chain fatty acids (mainly isobutyrate 

and isovalerate) are produce by fermentation of amino acids to provide energy for intestinal 
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cells. SCFA have been shown to possess antimicrobial effects against pathogenic bacteria 

species by decreasing the gut pH (Trefflich et al., 2021), an important function of SCFAs in 

maintaining gut health is mainly attributed to butyrate. Their production depends critically on 

the availability of substrate (fibre) for fermentation and the gut microbial composition 

(essentially, fibre fermenters in the phylum Firmicutes). SCFAs perform key mediatory role, 

bridging interactions between the gut microbiota and the immune system, regulating host 

metabolism and cell proliferation. They influence the adaptive immune response of the host 

by T-cell regulation (Smith et al., 2013). Likewise, in many studies, SCFAs (e.g., butyrate) 

have been credited with maintaining the intestinal barrier, regulating appetite by stimulating 

gluconeogenesis in the liver and have been widely used as feed additives (Tan et al., 2014; 

Diao et al., 2019).  

SCFA comprise mainly acetate, propionate and butyrate, found in high concentrations in the 

caecum and colon. Acetate is the main SCFA essential for the growth of many gut bacteria, 

and an energy source for muscle and adipose tissues as well as substrate for cholesterol 

metabolism, lipogenesis and satiety regulation (Jocken et al., 2018). Acetate reduces 

inflammation by suppressing activation of inflammatory cytokines via G protein-coupled 

receptors 43 (GPR43) a key receptor for SCFAs (Xu et al., 2019). Propionate is absorbed 

through the portal vein to the liver and converted to glucose through hepatic 

gluconeogenesis. It also contributes to the regulation of inflammation and metabolic disease 

(Nishitsuji et al., 2017). Whereas butyrate is the main source of energy and growth for the 

enterocytes. It is a cellular mediator, regulating many functions of the gut cells including gene 

expression, differentiation, gut tissue development, immune modulation, oxidative stress 

reduction and diarrhoea control (Bedford and Gong, 2018).  

Butyrate producing bacteria represents an abundant phylogenetically diverse group of 

bacteria in the colon e.g., Faecalibacterium prausnitzii, Eubacterium rectale and Roseburia 

intestinalis within the phylum Firmicutes. While bacteria belonging to the phylum 

Bacteroidetes are known for their ability to produced acetate and propionate, lactic acid 

bacteria (e.g., Lactobacillus, Streptococcus) produces lactate and succinate which can be 

converted to propionate by the gut microbiota (Brestenský et al., 2017). Accumulated 

evidence from past studies have shown improved growth performance, intestinal integrity 

and pig health with supplementation of weaned pig diet with butyrate (Huang et al., 2015; 

Zhong et al., 2019). Butyric acid and its derivatives (e.g., sodium butyrate and butyrate 
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glycerides) are reported to show strong antimicrobial activity against gram-positive and 

negative pathogenic bacteria in vitro and in vivo (Namkung et al., 2011). The ability of butyric 

acid to protect host against intestinal injury and leaky gut by promoting tight-junction 

formation as well as regulate T-cell inflammatory response (gene expression) by inhibition of 

histone deacetylase have been highlighted in literature (Kim et al., 2014; Grilli et al., 2016). 

1.3.1.2.2 Bile acids 

Bile acids are hydroxylated steric acids, produced in the liver from cholesterol metabolism, 

and stored in the bile sac pending released into the gut during digestion. They play integral 

role in digestion, lipid absorption, cholesterol metabolism and uptake of fat-soluble vitamins 

(Wahlström et al., 2016). Primary bile acids (cholic and chenodeoxycholic acid) synthesised 

in the hepatocytes are released into the small intestine, majority of which are reabsorbed in 

the distal ileum via enterohepatic circulation and conjugated (with taurine or glycine) in the 

liver (conjugated primary bile acids e.g., taurocholic, glycocholic acids). However, about 25% 

of the primary bile acids can seep further down the intestine where they are deconjugated 

(mainly in the small intestine) and dehydroxylated (large intestine) into secondary bile acids 

(deoxycholic and lithocholic acid) by the gut microbiota.  

Gut microorganisms (e.g., Lactobacillus, Clostridium, Bacteriodes and Bifidobacterium) 

deconjugate bile acids via bile salt hydrolases (BSH) enzymes to produce free primary acids, 

these are then transformed into secondary bile acid by 7α-hydroxylation. Secondary bile 

acids are absorbed into the blood to modulate hepatic and systemic lipid and glucose 

metabolism through the nuclear (Farnesoid X receptor) - FXR (Li and Chiang, 2015).  

Meanwhile, both primary and secondary bile acids undergo enterohepatic circulation, 

conjugated bile acids in the small intestine can bind to fibre substrate in the gut before they 

are deconjugated. Deconjugation is a pre-requisite for further biotransformation of primary 

bile acids to secondary bile acids, which ensures a continuous and bi-directional interaction 

between bile acids and the gut microbiota. In turn, the secondary bile acids regulate the gut 

microbiota composition by their antimicrobial activity (Molinero et al., 2019; Zhan et al., 2020). 

For instance, Devkota and Chang (2015) reported gut microbiota modulation of bile acids in 

an animal model of inflammatory bowel disease, with taurocholate increasing the relative 

abundance of bacteria associated with inflammation. 
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 Similarly, secondary bile acids (lithocholic acid and deoxycholic acid) are reported to 

decrease cell proliferation and gene expression of tight junction proteins (Lin et al., 2019), 

depicting their contributions to gut inflammation and barrier integrity. Lin et al. (2020) 

demonstrated downregulation of integral antioxidant genes; catalase and superoxide 

dismutase by lithocholic acid. Bile acid metabolism in the gut microbiota could serve as a 

potential target to boost gut health. However, interactions between bile acids and the gut 

microbiota can be impaired in the event of gut dysbiosis, especially at weaning with reduced 

feed intake, changes in diet or antibiotics usage. Undernutrition in weaning piglets increased 

secondary bile acids, which also led to altered gut microbiota with decreased lactobacillus 

and enhanced nuclear FXR signalling (Lin et al., 2019). It is important to understudy how 

dietary supplementation of weaned pig diet impact on bile acid profile of weaned pigs and its 

relationship with other biomarkers of gut health. 

1.3.2 Alleviation of post-weaning diarrhoea of pigs  

Dietary and non-dietary strategies have been employed in alleviating post weaning diarrhoea 

of pigs with the aim to improve their immune response and health. Non-dietary measures will 

involve ensuring adequate pen and personnel hygiene as well as preventing transfer of 

pathogens between the pens and the environment. Past efforts have been to reduce gut 

microbial load and limit dietary microbial growth stimulants, which often times result in the 

loss of healthy bacteria (e.g., probiotic bacteria), microbial metabolites, and reduced growth 

performance.  

Several antimicrobial agents have been investigated as a replacement for in-feed antibiotics 

and as summarised in Seal et al. (2013) and Thacker (2013). Notably, the importance of zinc 

oxide (ZnO) in mitigating PWD of pigs have been established in scientific literature (Starke et 

al., 2014; Trckova et al., 2015). During the first 14 days post-weaning when pigs are highly 

predisposed to digestive disturbances, gastrointestinal changes, and stress, pharmacological 

doses of ZnO (≥ 2000 mg/kg) was effective in the prevention of post-weaning diarrhoea and 

other pig-associated digestive disorders (Zhang and Guo, 2009; Li et al., 2010). 

Furthermore, due to reduction and deterioration of the gut absorptive surface and structure 

from post-weaning anorexia, nutrient digestion can be enhanced in the proximal small 

intestine of pigs by providing diets with more digestible grains (e.g., replacing wheat with rice 

bran) and smaller grain particle size (Pluske et al., 2002; Vicente et al., 2008). Additionally, 
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modifying diet composition with respect to the protein level and source, alongside the level 

of dietary fibre (e.g., dried sugar beet pulp with highly fermentable fibre) will support the gut 

microbiota fermentation and metabolites production, thus prevent PWD and enhance the 

growth performance of weaned pigs.  

More recently, the successfully treatment of Clostridium difficile infection in humans with 

faecal microbiota transplant (FMT), is now being explored in alleviating PWD of young pigs 

(Geng et al., 2018; Nowland and Kirkwood, 2020). The past decade witnessed the use of 

encapsulated frozen stool for FMT with high efficacy in patients with intestinal dysbiosis and 

related disease (Kao et al., 2017; Cheminet et al., 2018). The FMT method aimed at re-

establishing a healthy microbiota by transferring faeces from a healthy donor to a sick 

recipient, presents a huge potential for use in pig/animal production, due to its ability to 

restore and stabilise the gut microbiota (Cheng et al., 2018; Xiang et al., 2020). 

Compared to probiotics bacteria, a healthy donor faeces provides better effects of a complete 

microbiota structure and metabolites. Tang et al. (2020) reported capsulized faecal 

microbiota transplant, not only ameliorated PWD by modulating the gut microbiota but also 

improved other gut health parameters (e.g., gut morphology and integrity). Interestingly, the 

application of FMT in the early life (first 14-days) of pigs was found to decrease diarrhoea, 

improve gut morphology and downregulate pro-inflammatory cytokines (Su et al., 2021; Ma 

et al., 2022).  

Also, crucial to alleviating post-weaning diarrhoea of pigs are strategies that modulate the 

immune response. The immune system is exceptionally sensitive to nutrient excesses and 

deficiencies in the diet (Haase and Rink, 2009). Nutrients that affect the immune system 

established in animals and human studies included essential amino acids (e.g., lysine, 

methionine, tryptophan), fatty acids – linoleic acids, vitamins (e.g., A, E and B) and minerals 

(zinc, copper, iron and selenium). Deficiencies (undernutrition) due to insufficient energy 

intake and macronutrients, and/or inadequate intake of specific micronutrients or in rare 

cases a deficiency of both will impair maturation of the immune system and increase host 

susceptibility to infection (De Rosa et al., 2015). 

Typically, during the post weaning period, feed intake reduces sharply due to weaning stress 

and change in diet, hence a balanced diet and nutrient pool is necessary for renewal and 

proliferation of intestinal cells and a stable gut microbiota. Over-nutrition from increased 
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intake of energy dense diet disrupt the immune balance and increase host inflammatory 

responses. A high protein diet increases the catabolic activity of bacteria enzymes and 

generation of proteolytic fermentation metabolites (biogenic amines) that activate 

inflammatory responses, creating a conductive environment for the growth of pathogenic 

bacteria (Zhang et al., 2020).  

Other supportive ways to alleviate PWD are prevention of physical and psychological 

stressors that initiate pro-inflammatory cytokines release from immune cells. Adequate 

managemental measures will ensure pigs are in thermally safe environment and comfortable 

pens, considering that fluctuating temperatures, draught, low or temperatures above pig 

comfort zones increases stress and reduces the immune response to disease challenge 

(Ross et al., 2015; Rhouma et al., 2017). Put together, a holistic strategy, combining good 

management practises to feeding strategies, and adjusting diet composition will mitigate 

PWD.   

1.3.3 Roles and mechanisms of action of ZnO in the alleviation of PWD of pigs  

While the mechanism of action of ZnO remains poorly understood, several host regulatory 

pathways are suggested to be involved (see Figure 1.3). Primarily, ZnO has a broad spectrum 

of action along the GIT, evident by improvement in pig gut architecture, nutrient digestion and 

absorption, immune response and growth performance (Bonetti et al., 2021). However, the 

effect observe is determined by the form of ZnO utilized, if readily availability in the GIT or 

bound to other compounds (e.g., ZnO nanoparticles/microencapsulated) (Baholet et al., 

2022). 

Weaning induces zinc deficiency that impair enzyme activity, nuclei acid metabolism, appetite 

and growth, hence low level ZnO (100ppm to 150 ppm) is permitted in weaned pig diet to 

maintain host function. However, owing to gastrointestinal dysfunctionality and increased 

susceptibility to PWD, a pharmacological dose (2000 ppm to 3000 ppm) is recommended as 

a prophylactic measure (Sloup et al., 2017; Shannon and Hill, 2019). Dietary zinc (Zn) 

supplementation in form of in-feed ZnO, stimulates ghrelin secretion enhancing feed intake 

and digestion, thus ZnO has the ability to prevent weaning anorexia, reduce PWD and 

mortality. Stensland et al. (2015) and Kaevska et al. (2016) observed 83% and 50% reduction 

in PWD symptoms following supplementation of weaned pig diet with 2500-3000 mg ZnO/kg.  
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Indeed, many studies confirmed improved performance response of weaned pigs fed ZnO 

supplemented diet by enhancing the gut structure and absorptive surface (villus height and 

crypt depth). ZnO decreases intestinal permeability, inhibiting translocation of pathogenic 

bacteria through the intestinal epithelium, with an apparent increased expression of tight 

junction proteins (e.g., Occludin), reported in many studies (Zhang and Guo, 2009; Grilli et 

al., 2015; Zhu et al., 2017). This prevents a leaky gut and ensures proper functioning of the 

intestinal barrier framework. Also, ZnO reduces the secretion of pro-inflammatory histamine 

by inhibiting the activation of intestinal mast cells thereby alleviating stress and modulating 

gut inflammation (Kim et al., 2012; Gammoh and Rink, 2019). 

The antioxidative characteristics of ZnO on the gut mucosa is one of its means of preventing 

intestinal oxidative stress at weaning. Zn is an important metal in the catalytic action of 

superoxide dismutase - an antioxidant found to increase in ZnO supplemented pigs (Zhu et 

al., 2017), as well as expression of metallothioneins, an antioxidant preventing oxidative 

stress from heavy metal toxicity (Lee 2018). ZnO causes oxidative stress in microbial cells, 

which explain its antimicrobial activity, however other humoral cells can be significantly 

affected leading to tissue toxicity and heavy metal contamination (Bonetti et al., 2021). 

Despite this, ZnO has been reported to exert a moderate antimicrobial effect against 

Escherichia coli F4 (K88), the most common strain causing PWD (Dubreuil et al., 2016; 2017)  

The effect of ZnO on the gut microbiota of weaned pigs has been largely inconsistent, 

differences in diet composition, environment, sampling time and sample size, bacterial 

adaptation mechanisms to Zn (free Zn, nano Zn) as well as experimental design/methods 

(e.g., genomic sequencing – 16S rRNA and quantitative polymerase chain reaction - qPCR) 

may partly be responsible. Starke et al. (2014), identified reduced Enterobacteriaceae and 

Lactobacillus spp. in weaned pigs fed ZnO diet for 5 weeks. After a 15-day experiment period, 

high ZnO dose reduced coliforms and Escherichia coli in the distal small intestine compared 

to conventional ZnO levels (110 mg/kg) without any effects on the Lactobacilli and Clostridium 

XIVa with qPCR (Wang et al., 2019). 

Similarly, Mukhopadhya et al. (2019) recorded increased caecal Bacteroidetes in weaned 

pigs fed diets supplemented with ZnO and milk hydrolysate, and decreased phylum 

Actinobacteria with ZnO and yeast β-glycan. Wei et al. (2020) in their study observed 11% 

and 1.9% reduction in the relative abundance of faecal Lactobacillus and Megasphaera in 

pigs on high zinc diet. The same study also reported a significant increase in the relative 
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abundance of Streptococcus. However, Hung et al. (2020), detected no changes in gut 

microbial metabolites (SCFA and secondary bile acids) with pharmacological dose of ZnO, 

but increased acetate and total SCFA was reported in Zhang et al. (2022) with ZnO and the 

tetrabasic form (zinc chloride). While Oh et al. (2021) observed variable effects of different 

forms of ZnO (chelated, nanoparticle sized) on diarrhoea incidence and the gut microbiota of 

weaned pigs.  

 

Figure 1.3: Roles and mechanism of action of zinc oxide in weaned pigs  

adapted from (Bonetti et al., 2021) 

 

 1.3.4. Risk associated with zinc oxide in weaned pig diet 

In-feed zinc oxide affords the benefit of mitigating post-weaning diarrhoea by improving 

growth response and supressing bacterial growth. However, prolonged use of ZnO can 

override these benefits, resulting in toxic effects (Burrough et al., 2019; Bonetti et al., 2021), 

of excessive accumulations of Zn in tissues (e.g., kidney, liver and pancreas) and farming 

environments (Martin et al., 2013; Komatsu et al., 2020). A major risk associated with in-feed 

ZnO is the environmental pollution that ensues from the application of Zn-rich manure from 

pig farms to farmlands. Bonetti et al. (2021) on the risk of ZnO, reported an increase in the 
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application of Zn-rich pig slurry between the year 1986 and 2014, that increased soil Zn 

concentration by 2% - 5%. This constitutes a significant risk to aquatic life with Zn leaching 

from fertilised farmlands to ground and fishing waters. 

Numerous evidence from the literature highlights the contributions of pharmacological doses 

of ZnO in weaned pig diet to the acquisition of antibiotic resistance genes (Yazdankhah et 

al., 2014). Vahjen et al. (2015) reported on the diffusion of resistant genes among intestinal 

E. coli in high ZnO fed weaned pigs and a tendency for the emergence of a heavy metal 

tolerant strain (Slifierz et al., 2014; Johanns et al., 2019) that indicates the antibiotic-like 

activity of ZnO. This has necessitated the complete ban on pharmacological doses of ZnO in 

weaned pig diet and the urgent search for alternatives.  

Although the positive and negative impact of ZnO on the gut microbiota remain debated, a 

transient to minor modification, as well as significant increase in Enterobacteriaceae 

abundance have been emphasised in many studies (Li et al., 2001; Vahjen et al., 2015; Yu 

et al., 2017). ZnO exerts a moderate antimicrobial effect on the gut commensals, suppressing 

Gram positive species without affecting Gram negative species. This attribute has been 

linked to its potential to act as a growth promoting antibiotic, bringing about lower bacterial 

activity in the gut and increase available energy to the host, however, not without the loss of 

some beneficial commensal bacteria e.g., Lactobacillus. 

1.3.5 Alternatives to zinc oxide and current trends towards zero zinc oxide diet  

From June 2022 onwards, administration of pharmacological doses of ZnO in pig production 

ends in the EU, including the UK (Commission, 2005; EFSA, 2020; Bonetti et al., 2021). While 

this bold step has not been taken by other high pork producers in the world e.g., China and 

Brazil, there is a strong global demand to stop indiscriminate use of antibiotics and ZnO in 

pig production (Maron et al., 2013). In achieving a zero-zinc oxide weaned pig diet, novel 

alternatives, nutritional strategies and approaches are currently under investigation. Some 

essential managemental steps suggested are, improved farm biosecurity, ensuring optimum 

animal health, adequate vaccination against infectious diseases and preventing heat stress.   

In addition, a gradual introduction of solid feed to weaned pigs in form of creep feed will permit 

smooth transitioning from lactation to nursery environment. Weaned pigs should have easy 

access to feed and water. Feed intake can be enhanced by providing good quality, palatable 

and digestible feed. Essentially, diet should be formulated to prevent pathogenic bacterial 
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intake, support digestion, improve gut barrier function, and modulate the gut microbiota and 

immune system. Dietary supplementation with feed ingredients or additives (e.g., plants, 

SCFAs, antimicrobial peptides and phytochemicals) recognised to boost gut health of young 

pigs have also been emphasized in literature (Pluske et al., 2018; Xiong et al., 2019; Kim 

2019).  

In a recent summit on zero zinc oxide diet (Ploegmarkers, 2022), it was agreed that feeding 

piglets with diet supplemented with additives pre-weaning can support the development and 

establishment of a healthy gut microbiota post weaning. The gut health was identified as a 

major contributor to alleviating post weaning diarrhoea (PWD) of pigs, with the gut microbial 

composition and metabolite produced recognise to contribute significantly to a healthy gut, 

supporting the proliferation of a beneficial and balanced microbial population. Therefore, it is 

essential that young pigs develop a healthy gut microbiome in their early life, which will 

ultimately influence their wellbeing.  

Again, diet can be adapted to steer a healthy gut microbiota as an alternative way to improve 

gut health without dependence on zinc oxide.  Zhao et al. (2021) demonstrated high dietary 

lactose due to its sweetness and palatability, improved the growth performance of piglets by 

stimulating the proliferation of beneficial bacteria (Lactobacillus) and SCFA in the first week 

after weaning. This suggests the probiotic effect of lactose, and its contribution to pig nutrition 

and gut health after the lactation phase (post weaning), however at excess levels, increased 

fermentation in the hind gut can ensue, tipping pigs into PWD. Accumulated evidence from 

past studies have shown that weaned pig diet low in dietary protein and high in fibre favours 

a healthy gut microbiota (Millet et al., 2018; Batson et al., 2021), hence a promising alternative 

to in-feed ZnO. Congruently, reduced dietary crude protein may be optimized via provision of 

essential and nonessential amino acids to improve growth while reducing the risk of diarrhoea 

(Sun et al., 2020).  

The dietary addition of pre-fermented feeds with probiotic bacteria fermented feed have 

recently gained attention, due to its ability to improve growth performance and gut health, by 

selective inhibition of intestinal pathogens, improvement of nutrient digestibility and 

neutralization of anti-nutritional component in feed (Wang et al., 2018; Sugiharto and 

Ranjitkar, 2019). Satessa et al. (2020) showed that piglet fed fermented rapeseed meal 

improve feed intake hence a promising alternative to in-feed ZnO of weaned pigs. To 

conclude, an integrated approach maximising the absorption of nutrients with improved 
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managerial and pig welfare that commences early at farrowing and continues post-weaning 

will contribute immensely to gut health and optimal piglet performance (Gaillard et al., 2020; 

Huting et al., 2021). 

1.4 Fruits and vegetable waste as animal feed supplement with health benefits  

With the increasing world population, demand and consumption of animal products are 

expected to increase drastically by 2050, with a 73% and 58% increase in demand for meat 

and milk, respectively (FAO, 2011). However, the ability to meet the feed requirement of 

livestock in a sustainable way remains a challenge, especially in the face of climate change, 

urbanization, increased farming and anthropogenic land use, water shortages and loss of 

biodiversity. Sustainability in livestock production requires efficient use of available feed 

resources via reduction of wastages and increased feed sources.  

Fruit and vegetable production is on the increase, with over 500 million metric tonnes 

produced yearly according to FAO (2017), making available waste and by-products from 

agro-allied processing industries worldwide (Esteban et al., 2007; Katongole et al., 2008; 

Gracia and Gómez, 2020). On average, 55 million tonnes of waste are produced yearly from 

these industries globally, with a large proportion dumped into landfills and water bodies, 

resulting in environmental pollution (Wadhwa and Bakshi, 2013). Processing of fruits and 

vegetables generate a significant amount of waste at different stages such as collection, 

handling, shipping and processing, with about 25% - 30% of the waste product mostly from 

pomace, peels, rind and seeds (Chang et al., 2006; USEPA, 2012; Panda et al., 2016). 

Interestingly, fruit and vegetable waste (FVW) can be recycled as livestock feed sources and 

value-added products after undergoing further processing such as drying, ensiling and 

fermentation (Wadhwa et al., 2016; Bakshi et al., 2016).  

 The use of FVW as animal feed is an excellent source of nutrients for livestock that will 

enhance livestock feed sustainability, contribute to food security and mitigate environmental 

challenges associated with waste disposal (Gertenbach and Dugmore, 2004; Katongole et 

al., 2011; Nwafor et al., 2017). FVW are important sources of dietary fibre, especially the 

agro-industrial by-products after extraction of juice and coproducts of distillers and milling 

industries. They serve as animal feed supplements, functional ingredients rich in nutritional 

value and helpful in alleviation of PWD (Ayala-Zavala et al., 2011; Jha and Berrocoso, 2015; 

Regassa and Nyachoti, 2018).  
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In addition, FVW contain pigments (e.g., carotenoids from tomato peels and carrot pomace, 

anthocyanin from banana bract and betalains from red beetroot pulp) and a plethora of 

bioactive phytochemicals essential for industrial development of edible antimicrobial films, 

prebiotics and pharmaceutical applications (Kumar et al., 2020). These bioactive 

phytochemicals are mainly secondary plant metabolites like polyphenols, alkaloids, and 

carotenoids, along with tannins, terpenes and saponins. They play important role in reducing 

disease-causing agents such as bacteria and viruses as well as free-radical associated 

disease. Antioxidant compounds from FVW can prevent oxidative damage and lipid 

peroxidation by scavenging reactive oxygen species (ROS) when consumed or used as 

ingredients for other products (Viuda‐Martos et al., 2010). Hence, FVW are reported to exhibit 

antioxidant, antimicrobial, antifungal, anti-inflammatory, anti-parasitic and antiprotozoal 

properties (Kathirvelan et al., 2015). Other biochemical constituents of FVW include 

carbohydrates, proteins, nucleic acids, enzymes, oils, vitamins, fatty acids and other 

compounds (Galanakis, 2012). 

Indeed, many studies have shown that nutrients and phytochemicals are abundantly present 

in peels, seed and other constituent of vegetable and fruits (Rudra et al., 2015). For instance, 

fruit peel from avocado, grapes, lemon and seeds of jackfruits and mangoes contains more 

phenolic concentration (up to 15%) than their pulp (Gorinstein et al., 2001; Soong and Barlow, 

2004). Also, fruit and peel of pomegranate, citrus and mangoes are abundant in functional 

ingredients like antioxidants, fibre and oligosaccharides that can serve as prebiotics (Cerezal 

and Duarte, 2005; de Moraes Crizel et al., 2013; Orayaga et al., 2015; Chan et al., 2018) that  

aid digestion and promotion of a healthy microbiota. 

 Moreover, there are increasing evidence on the importance of FVW as feed arsenal (Table 

1.1), providing nutrients, dietary fibre and supplements to improve animal wellbeing, thereby 

reducing the cost of feeding /production (Guil-Guerrero et al., 2016; Pérez-Jiménez and 

Saura-Calixto, 2018). Constituent bioactive compounds in FVW have also been described to 

act by modifying the gut microbiota and stimulating immune response, which consequently 

enhances feed digestion and increases the resistance of animals to infectious diseases 

(Achilonu et al., 2018). With these, FVW can be incorporated into animal feed as supplements 

to provide specific nutrients (Martínez et al., 2012) and as a replacement for in-feed 

antibiotics, to provide health and production benefits. 
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Table 1.1: Nutrients and potential health benefits of livestock feed resources from plants fruits, vegetables and their waste 

Plant/ Fruit/ 
vegetable 

Part utilised Animals fed Potential health benefits / effects 
observed   

Nutrient composition  References 

Carrot  

(Daucus carota) 

Dried Carrot 
tops 25% and 
50% 

 

Rabbits 

 

No negative effect on growth 
performance 

 

 

Rich source of carotene 
and vitamins C (300 – 
700 mg/kg) depending 
on the variety.  

 

(Klinger et al., 2017) 

Apple 

(Malus domestic) 

Fermented 
apple pomace 
(5%) 

Weaned pigs Improved growth, plasma 
biochemistry, immune indicators 
and gut microbiota   

 High in dietary fibre, 
(442 to 495 g/kg in 
vacuum-dried pomace) 
polyphenols and 
minerals. 

(Ao et al., 2022) 

Dried apple 
pomace 2%, 
and 4% 

Weaned pigs Beneficial effect on feed conversion 
ratio, increased faecal consistency, 
pathogen excretion and increased 
microbiota richness 

(Dufourny et al., 2021) 

Banana 

(Musa acuminate) 

Dried ripe 
banana peels, 
banana meal 

Growing pigs (20%), 

replaced maize (75-
100%) in weaned 
rabbit, 

Broilers (10%) 

No depression in pig growth. 

 No adverse effect on performance 

 

Contain 8% 
polyphenols, few 
condensed tannins.  

(Renaudeau et al., 
2014; Bakshi et al., 
2016) 

 

Fermented and 
unfermented 
banana stem 

Growing pigs  Improved intestinal morphology 
(villus height 

(Arjin et al., 2021) 

Banana leaves  30% in diet of young 
rabbits. 

10% in standard 
broiler diets  

Increased rabbit weight gain. 

No adverse effect on feed 
conversion efficacy.  

 

 (Rohilla and 
Bujarbaruah, 2000; 
Wadhwa and Bakshi, 
2013) 
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Citrus 

(Citrus limetta) 

Dried citrus pulp 

 

2% in pigs  

(5-10%) in Poultry and 
pig diet. 

 

2% promoted growth of beneficial 
bacteria communities in the gut and 
modulated colonic fermentation.  

 Above 10% can adversely affect 
growth rates, feed conversion 
efficacy and carcass yield. 

 

Essential oil (0.5 -3.0 kg 
oil/tonne of fruit), source 
of prebiotic fibre 

(Almeida et al., 2017;  
Uerlings et al., 2021; 
de Araujo et al., 2022) 

 

Citrus pulp (as 
dietary fibre 
source) at 9% 

Pigs Low feed intake and daily weight 
gain  

(Pascoal et al., 2015) 

Citrus pulp 
silage 

Pigs  Reduced faecal Enterobacteriaceae 
and similar lactobacilli counts 
compared to the control pigs.  

(Cerisuelo et al., 2010)  

Mango 

(Mangifera indica) 

Mango pulp Pigs Impact gastric emptying, SCFA 
production (propionate) along the 
GIT 

Rich in gallotannis used 
in pharmaceuticals as 
antimicrobials, 
antioxidants and 
hepatoprotective.  

(Low et al., 2021) 

Waste Poultry Improved growth and development 
in chickens. 

(Engels et al., 2010; 
Orayaga et al., 2015) 

Grapes 

(Vitis vinfera) 

grape seed or 
grape skin fibre, 
dietary grape 
pomace 

 

Pigs, Poultry 

 

No adverse effect on performance, 
maintained plasma antioxidant 
capacity. 

 

Grape skin is rich in pro-
anthocyanidins and 
other polyphenolic 
compounds. 

(Li et al., 2020; Erinle 
et al., 2022) 

grape seed 
procyanidins 
(150mg/kg) 

Weaned pigs Increased brush-border enzyme 
activity and intestinal barrier 
function, suppressed weaning 
stress, improved antioxidant 
enzyme activity 

 (Hao et al., 2015; Fang 
et al., 2020; Costa et 
al., 2022) 
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1.4.1 Beets  

Beet (Beta vulgaris) originates from the family Amarantheceae, subfamily; Betoideae 

and order Caryophyllales. It is a root vegetable, with an earthy sweet taste and several 

varieties grown all over the world. Other synonyms for beetroot/beets are table beet, 

garden beet, red beet, dinner beet or golden beet (Gledhill, 2008). Beets are 

economically relevant plant, classified based on their betalain constituent (a water-

soluble pigment, red to violet - betacyanin and yellow to orange - betaxanthin) present 

in most plants in the order Caryophyllales (Francis, 1999; Strack et al., 2003). Several 

cultivated varieties classified as; Beta vulgaris subsp. Vulgaris Conditiva group, are 

grown for their edible roots and leaves (beet green), examples of which are sugar beet 

used in production of table sugar, the root vegetable (red beetroot or garden beet), the 

leaf vegetable known as Swiss chard (Beta vulgaris L. spp) or spinach beet and 

mangel-wurzel which is a fodder crop.  

Beets contain a substantial amount of betaine responsible for changes in body 

composition and fat loss when ingested (Cholewa et al., 2018; Gao et al., 2019; 

Schwarz and McKinley-Barnard, 2020). Red beetroot (Beta vulgaris L.) has the highest 

betalain content, with varying proportions of red (betacyanin) and yellow (betaxanthin) 

depending on the cultivar, plant part, maturation stage, climatic factors and farming 

practice (Celli and Brooks, 2017). Beets appear in different colours ranging from deep 

red to bright purple, and red to yellow as in cream candy cane stripped Chioggia beets 

and bright zesty yellow in golden beets. Utilization of beet plant in animal nutrition have 

been with sugar beet pulp, obtained after sugar extraction from sugar beet. 

1.4.1.1 Sugar beets 

Sugar beet (Beta vulgaris var. altissima) is one of the cultivars of Beta vulgaris with 

sucrose concentrated roots used for sugar production. The root contains 75% water, 

20% sugar and 5% pulp (Dohm et al., 2014), the by-product of processed sugar beets 

(SB) is used as pulp and molasses (Punda et al., 2009). Sugar beet pulp can be dried 

and sold as dried sugar beet pulp or mixed with molasses for animal use. In New 

Zealand, SB is widely cultivated and harvested to feed dairy cows. Russia, USA, 

Germany, France and Turkey are top sugar beet (SB) producers globally.  
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Sugar beet pulp (SBP) is the by-product of sugar extraction from sugar beets, with 

high dietary fibre up to 77.7%, 52% of which is made up of soluble fibre like; pectin, 

glycan and highly branched arabinoxylan (Knudsen, 1997;  Fadel et al., 2000). SBP 

has been studied extensively in animal nutrition as a source of dietary fibre in animal 

feed, due to its high fermentable properties and ability to stimulate the production of 

beneficial microbes against GIT pathogens (Laitat et al., 2015; Amarakoon, 2017). 

Contrariwise, SBP has high water retention capacity that may increase its laxative 

effect in digestive system.  

Supplementation of pig diet with SBP is alleged to promote the growth of beneficial 

gut microbes (e.g., Lactobacillus and Bifidobacterium) and prevent pathogenic 

colonization of the gut but reports from most studies have been largely inconsistent. 

Yan et al. (2017) and Laitat et al. (2015) observed similarities in growth performance 

and diarrhea incidence in pigs fed 12% and 23% SBP respectively, due to energy 

dilution from fibrous diet, faster intestinal transit time and reduced ingestion from 

increased satiety. Similarly, Zhang et al. (2013) reported a decrease in the apparent 

tract total digestibility with an increasing percentage of SBP in the diet.  

Although, pigs may digest SB fibre, feeding beet-top is avoided due to the presence 

of oxalic acid that could depress feed intake and performance (Wadhwa and Bakshi, 

2013). SBP is bulky and relished when moisten or soaked, however young pigs do not 

particularly thrive on the SBP due to the risk of scour from high water retention of the 

soluble fibre. In addition, Anguita et al. (2007) also reported reduced the voluntary feed 

intake with dietary inclusion of SBP compared to coarse corn and wheat bran. SBP is 

usually fed with another source of insoluble dietary fibre (e.g., wheat bran), to 

maximise its benefit in pigs (Table 1.2).  
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Table 1.2: Sugar beet pulp (SBP) as animal feed source; effects on pig growth 

performance and gut health  

Percentage 
inclusion of Sugar 
beet pulp and diet 
characteristics 

Duration of 
trial (days) 

Effects on growth, performance, 
digestibility diarrhoea occurrence 
and gut microbiota  

References 

6% SBP in 2% 
soybean hulls 

28-42 days 
Decreased ADG, elevated ADFI (Montagne et 

al., 2012)  

5% SBP in 8% 
wheat bran  

20-23 days 
after weaning 

Decreased ileal digestibility of organic 
matter but not crude protein or starch 

(Pieper et al., 
2012)  

3, 6,9 and 12% 21-35 days 
No significant difference between 
treatments on growth performance. 

(Amarakoon, 
2017) 

2.5 or 5% 21 days 
Increased apparent total tract 
digestibility of all nutrients except crude 
protein. 

(Berrocoso et 
al., 2015) 

23% in fattening pig 7 days 

No significant reduction in diarrhoea 
incidence (high faecal moisture due to 
presence of undigested fibre) low 
digestibility of nutrients. 

(Laitat et al., 
2015) 

6% in corn and 
soybean-based diet 

0-14 and 14 -
28 days 

Reduced apparent total tract digestibility 
of dry matter on day 14 and 28, reduced 
villus height crypt sept compared to 
wheat bran diet. Increased abundance of 
Lachnospiraceae and acetate and total 
SCFA compared to control. 

(Shang et al., 
2020)  

3,6,9 or 12% in a 
corn-based diet 

5 weeks 

No significant differences in growth 
performance and diarrheal incidence (Yan et al., 

2017)  

10% in 15% corn 
distillers dried 
grains 

7 days 

Decreased ileal Escherichia-Shigella 
compared to ETEC challenged control. 
Increased abundance of Streptococcus, 
Roseburia and colonic Prevotella. 

(Li et al., 2020)  

10% in 15% wheat 
bran (gestation); 
5%in 7.5% wheat 
bran (lactation) 

Day 85 of 
gestation to 
weaning.  

Day 21 of 
lactation 

Enhanced intestinal barrier function 
increased ileal Occludin level and 
improve gut microbiota in weaned 
piglets 

(Shang et al., 
2021)  

ADG (Average daily gain); FCR (Feed conversion ratio); ADFI (Average daily feed intake); ETEC (Enterotoxigenic E. coli); SCFA 
(Short chain fatty acids)  
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1.4.1.2 Red beetroot 

Red beetroot (Beta vulgaris L. var conditiva) is a variety of beet, with high betalain 

content responsible for its red colour (Lee et al., 2005; Vulić et al., 2014). It is a root 

vegetable, grown in many countries of the world all year round and consumed as part 

of a normal diet (Zielińska‐Przyjemska et al., 2009; Georgiev et al., 2010). In 2016, 

red beetroot production was estimated at 690,000 tonnes, however the global market 

is projected to increase significantly to about 11 million tonnes in the next decade, 

2027 (Insights, 2017). Unlike sugar beet, red beetroot or waste generated from 

processed beet has not been explored as animal feed ingredient.  

Importantly, red beetroot has been reported to contain many bioactive compounds 

other than betalains, whose health benefits have not been considered in the alleviation 

of weaning stress and gut dysfunctionality of weaned pigs.  Red beetroot (RB) contains 

polyphenols, betaine, fibre, nitrate, ascorbic acid and carotenoids which are important 

source of health promoting phytochemicals (Clifford et al., 2015; Kathirvelan et al., 

2015). It is considered one of the top 10 vegetables with several functional constituents 

responsible for its numerous health promoting properties (Azeredo, 2009; PAnghAl et 

al., 2017), some of which have been summarised in Table 1.3. The nutritional 

constituent of red beetroot depends on the cultivar and the conditions in which it is 

grown. The processing and drying technique also contributes to the quality, nutritional 

composition and betalain profile of the final red beetroot product (Nemzer et al., 2011). 

Red beetroot is the richest source of betalains, a group of bioactive pigment imparting 

a red to yellow colour. Betalains are water soluble indole derived pigment found in the 

plants belonging to the family Caryophyllales. They contain two predominant forms, 

determined by the range of redness to yellowness of the beet. The betacyanins which 

depicts the red colour and the betaxanthins indicating the yellow colour (Szopińska 

and Gawęda, 2013). Other derivatives of these broad groups have also been 

investigated and reported in literature; betaxanthin (vulgaxanthin-I and vulgaxanthin –

II (Ravichandran et al., 2013) and betacyanins are (betanin, prebetanin, isobetanin 

and neobetanin) (Nemzer et al., 2011).  
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Table 1.3: Bioactive compounds present in red beetroot and potential health benefits 

Bioactive 

Compounds  

Plant 

parts/sources  

Uses and health benefits  References  

Phenolic compounds  Peel Resistance to stress, 

antimicrobial and anti-

inflammatory activity.  

(Zeb and Zeb, 

2021)  

Flavonoids  

(Betagarin, 

betavulgarin, 

quercertin, astragalin, 

kaempferol, 

rhammocitrin, 

rhamnetin) 

Root, leaf and 

peal 

Antioxidant activity, 

hepatoprotective, antiviral 

and anti-inflammatory 

activity. Inhibit the synthesis 

of microbial cell membranes  

 (Slavov et al., 

2013; Vulić et 

al., 2014)  

Carotenoids Root, leaf Prevention of chronic 

disease, antioxidant function. 

(Rebecca et al., 

2014)  

Betalains: 

Betacyanins  

(Betanin, prebetanin, 

isobetanin and 

neobetanin) 

Betaxanthin 

(vulgaxanthin-I, 

vulgaxanthin-II and 

indicaxanthin)  

Root Regulate vascular 

homeostasis, chemo-

preventive role. Strong 

antioxidant activity, 

therapeutic effects on 

metabolic syndrome. 

(Madadi et al., 

2020; Hadipour 

et al., 2020)  

Betanin, betanidin  Red beetroot  Inhibit lipid peroxidation, 

strong antioxidant activity. 

Anti-inflammatory. 

(Kapadia and 

Rao, 2013; 

Clifford et al., 

2015) 

Others; saponins, 

ferulic acid, taurine, 

sesquiterpenoids, 

alkaloid, nitrate 

Root and leaf Antimicrobial, antifungal, 

virucidal, hypo-lipidemic 

activity, antioxidant activity, 

treatment of diarrhoea, flu 

and burns, anti-inflammatory, 

analgesic, anxiolytic 

neuroprotective, probiotic 

effects. 

 (Lim and Lim, 

2016; PAnghAl 

et al., 2017; 

Lorizola et al., 

2018)  
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Many in vivo and in vitro models have been employed to demonstrate the health 

potentials of red beetroot, especially its antioxidant and anti-inflammatory capabilities 

(Tesoriere et al., 2004b; Pavlov et al., 2005; Lee et al., 2009). These properties have 

been linked to the high nitrate content, phytochemicals (including ascorbic acid, 

carotenoids, phenolic acids and flavonoids) and bioactive pigments (betalains) in red 

beetroot (Ormsbee et al., 2013; Vidal et al., 2014; Masih et al., 2019). According to 

Wootton-Beard et al. (2011) and Slavov et al. (2013), red beetroot has a higher 

antioxidative capacity compared to fruits and vegetable juices like tomato, carrot, 

oranges and pineapple. Predominantly, betanin with its aglycone betanidin have been 

found to have great antioxidant activity and effective in preventing lipid peroxidation 

(Kathiravan et al., 2014). Regular consumption of diet containing red beetroot have 

been found to provide protection against oxidative stress-related health issues and 

improve food digestion (Akan et al., 2021).  

These findings have generated increased interest and investigations into the potential 

use of red beetroot as a chemo-preventive or therapeutic resource for a range of 

diseases associated with infectious agents, oxidative stress and inflammation, 

especially in livestock (e.g., weaned pigs). Red beetroot is therefore being considered 

in the development of functional foods and nutraceuticals (Mirmiran et al., 2020) and 

as a potential alternative to synthetic non-steroidal anti-inflammatory drugs (Calixto et 

al., 2004).  

1.4.1.2.1 Bioavailability of red beetroot betalains 

The bioactive compounds in red beetroot must be released to the host in sufficient 

quantities after ingestion, for absorption and circulation to important body organs for 

metabolism, thus making it available to the cells. The bioavailability of betalains have 

been reported to be very low in many studies, due to the involvement of several 

pathways in the elimination of betalains (e.g., renal, gastrointestinal tract and hepatic).  

Baião et al. (2020) and da Silva et al. (2019), reported betanin bioavailability as low 

as 2.7% of total oral intake with excretion in human urine and faeces. Clifford et al. 

(2017) in their study failed to detect betanin in the plasma after intake of 300g whole 

beetroot (with 66 mg betanin). Again, 0.13% - 0.93% betanin was found in the urine 

after 3, 8 and 24 hours with 50 mg betalain/betacyanin supplementation (Rahimi et al., 

2019). Moreover, native betalains and their deglucosylated, decarboxylated and 
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dehydrogenated metabolites were observed in human physiological fluid after 

consumption of fermented juice of red beetroot by Wiczkowski et al. (2018).  

Tesoriere et al. (2013) in their study demonstrated absorption of un-metabolised 

betalains (betanin and indicaxanthin) via the paracellular transport, in a simulated 

model of the small intestine. Betalains are also absorbed into the systemic circulation 

in their unchanged form, allowing them to retain their molecular structure and 

biological activity (Ting et al., 2014). However, orally administered betanin is reported 

to be poorly absorbed in the small intestine but most mostly metabolised in the large 

intestine (Khan, 2016).   

Red beetroot has other constituent (phenolic e.g., epicatechin, rutin and caffeic acid), 

whose bioavailability have not been evaluated. Netzel et al. (2005), measured the total 

phenolic compound present in beetroot, connoting phenolic content in red beetroot are 

well absorbed, thus acting synergistically with betalains to increasing the in vivo 

antioxidant response of red beetroot after ingestion. Many factors are considered to 

affect the bioavailability of betalains, the GIT role in the bioavailability of betalains is 

however dependent on the food matrix which may prevent bio-accessibility of the 

bioactive compound and influence its stability in the presence of increased gut pH, 

and digestive enzymes, as it transits the gut. Although, the bioavailability of red 

beetroot and its constituent was not a major focus of this thesis, it was briefly 

mentioned.   

1.4.1.2.2 Bioactivity and other health benefits of red beetroot 

Re beetroot exert a variety of beneficial effects on the host, mediated by the 

constituent bioactive compounds mostly betalains, phenols, fibre and nitrate (Chhikara 

et al., 2019; Martínez-Rodríguez et al., 2022). Some retrieved studies on the effects 

of red beetroot on the host and gut microbiota modulations have been summarised in 

Table 1.4.  In an in vivo cellular attack with exposure to oxidative insult, beetroot extract 

maintained endogenous antioxidant activity, reduced glutathione, and glutathione 

peroxidase and catalase enzymes at normal cellular concentrations (Vulić et al., 

2014).  

Consistently in literature, the endogenous antioxidant capacity of beetroot in vivo has 

been reported. The high antioxidant ability of betalains stem from its electron donating 
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capacity to defuse highly reactive radicals. It also holds the ability to mediate the 

transcription of antioxidant genes, thus beetroot supplementation may serve as a 

useful strategy to strengthen endogenous antioxidant defences, protecting cellular 

components from oxidative damage. Besides, red beetroot contains several other 

bioactives e.g., phenolics (rutin, epicatchin and caffeic acids) with excellent antioxidant 

properties (Georgiev et al., 2010; Clifford et al., 2015;). 

Measuring the antioxidant capacity of red beetroot using ferric reducing antioxidant 

power (FRAP), Wootton-Beard et al. (2011) observed increased antioxidant capacity 

following simulated digestion, due to alteration in the structure of these compounds 

with the production of secondary metabolites that possess more antioxidant functions. 

These compounds and their secondary metabolites work synergistically to active the 

nuclear factor (erythroid derived 2) - like 2 (Nrf2) and the antioxidant response element 

pathway that mediates an increase in endogenous antioxidant activity.  

Notably, the antiviral, antimicrobial effect and radical activity of betalain have been 

described in many scientific literature (Ninfali and Angelino, 2013; Kumar and Brooks, 

2018). Red beetroot provides phytochemicals that stimulate the immune system, 

protecting the kidney and liver. Similarly, El Gamal et al. (2014), demonstrated the 

anti-inflammatory effect of ethanoic extract of red beetroot on gentamicin induced 

nephrotoxicity by reduced concentration of inflammatory cytokines and immune cells 

(TNF, IL6 and signs of oxidative damage) in rats. 

Aside the antioxidative capabilities attributed to red beetroot, betalains have emerged 

as potent anti-inflammatory agents. The anti-inflammatory effect of red beetroot is 

mediated by its ability to interfere with pro-inflammatory signalling cascade via the 

nuclear factor- kappa B (NF-κB), which activates and regulate the inflammatory 

response (Chen et al., 2021). Betalains and betaine can reduce the levels of pro-

inflammatory cytokines (TNF, IL6, IL8 and IL1B), reactive oxygen and nitrogen 

species. They have also been reported to suppress cyclooxygenase2 (COX2) 

expression an important precursor molecule for pro-inflammatory arachidonic acid 

metabolites (Lechner and Stoner, 2019). Emerging evidence showed that betanin 

treatment (25 and 100 mg/kg/bm for 5 days) significantly inhibits NF-kB activity in rats 

induced with acute renal damage (Tan et al., 2015). Betalain extracts from red beetroot 

may also supress chronic inflammation implicated in the development of malignant 
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tumours by inhibiting cell proliferation, angiogenesis and tumorigenesis (Lechner et 

al., 2010). 

There has been a growing interest on the positive effects of red beetroot on 

gastrointestinal health. Some studies have shown that soluble fibre present in sugar 

beet (pectin) could influence the gastric emptying, nutrient absorption and availability 

in the small intestine as well as enhance fermentation in the large intestine (Tian et 

al., 2016; Prandi et al., 2018). Sugar beet pectin modulated increased abundance of 

Prevotella copri and Ruminococcus spp. with elevated levels of propionic acid. Many 

other genera in the phylum Bacteroidetes were also increased, enhancing gut 

fermentation of sugar beet pectin. 

Red beetroot contains polysaccharides and oligosaccharides that can modulate the 

gut microbiota positively, showing resistance to enzymes in the fore gut and ability to 

reach the large intestine where they are fermented (prebiotic effect) by 

microorganisms. This leads to the production of metabolites (SCFA) that impact on 

host metabolism, physiology nutrition and immune functions (Leijdekkers et al., 2014; 

Danneskiold-Samsøe et al., 2019). Conversely, some studies have investigated into 

the prebiotic-like property of beet consumption on the gut microbiota. In which it acts 

as substrates (prebiotics) that are selectively utilised by microorganisms in the gut 

conferring a variety of health benefits to the host (Gibson et al., 2017), essentially by 

the proliferation of healthy bacteria species in the gut. 

1.4.1.2.3 Red beetroot as livestock feed resource 

Most studies involving red beetroot were conducted in humans and rodent with few 

representative studies in rainbow trout. Red beetroot as livestock feed resource has 

been insufficiently explored, unlike sugar beet. Though, de Oliveira et al. (2021) 

reviewed the benefits of beet on gastrointestinal health, the impact of red beetroot in 

weaned pig diet is grossly lacking. Red beetroot supplementation, as a substitute for 

in-feed zinc oxide has neither been explored, nor investigated in post weaning 

diarrhoea or associated GIT issues. Utilization of red beetroot as animal feed resource, 

presents a cost-effective way of providing bioactive compounds (betalains, nitrate and 

polyphenols) in red beetroot to the pigs while also preserving its fibre content.  

 



 
 
 

40 
  

Table 1.4. Retrieved studies on the bioactivity of red beetroot and gut microbiota 

modulatory effects; adapted from (de Oliveira et al., 2021; Clifford et al., 2015) 

Experiment model/ 
clinical parameters  

Tested beet part 
/product 

Duration Observations  References  

Beetroot derivatives on 
oxidative stress in Albino 
rats after intraperitoneal 
injection of gentamicin for 
8 days 

Fresh beetroot 
extract (250 and 
500 mg/kg/body 
mass (bm) /day 

28 days Attenuated NF-kB DNA 
binding activity. Reduced 
pro-inflammatory cytokines 
and oxidative damage 
related to the blunting of 
the NF-KB pathway. 

(El Gamal et 
al., 2014) 

Osteoarthritis patients Betalain rich oral 
capsules from 
beetroot extracts 
(100, 70 or 35 
mg per day) 

10 days   Alleviated inflammation 
and pain. Decreased TNF-
α and interleukin 6 (IL-6) to 
baseline levels  

(Pietrzkowski 
et al., 2010) 

Hepatotoxicity in rats 
treated with toxic 
chemical N- 
nitrososiethylamine 
NDEA 

Beetroot juice 8 
mL/kg/bm/day  

28 days significant hepatic 
protection observed 
against inflammatory 
markers induced by the 
toxicant 

(Krajka-
Kuźniak et al., 
2012) 

Evaluation of 
hepatoprotective and 
anticarcinogenic effect of 
betanin in non-tumour 
hepatocytes and 
hepatocellular carcinoma 
cells  

Beetroot betanin 
(2, 10, 20 µM) 

 Betanin induced the 
expression of detoxifying 
enzymes, indicating that it 
is partly responsible for the 
beet hepatoprotective 
ability  

(Krajka-
Kuźniak et al., 
2013) 

Exposure to cobalt via 
gamma radiation (80 
male rats) 

Betalains from 
beetroot (0,5, 20 
and 80 
mg/kg/bm/day  

30 days  Decreased 
malondialdehyde levels 
with increased antioxidant 
enzyme activities 

(Lu et al., 
2009)  

Assessment of beet and 
beet bioactive compound 
on intestinal microbiota  

Fermented Beet 
juice with 
Lactobacillus 
brevis and L. 
paracasei  (0.7 L/ 
kg) 

 Anti-mutagenic activity (Klewicka and 
Czyzowska, 
2011) 

Determination of faecal 
microbiota composition in 
healthy adults  

Beetroot  4 days Weight loss, increased 
plasma nitric oxide and 
decreased lipid 
peroxidation. Effects 
primarily attributed to high 
contents of fibre and 
nitrate in beetroot pulp. 

(Henning et 
al., 2017) 

Wistar rats fed a basic 
casein diet  

6 ml daily of 
fermented 
beetroot juice  

 Modulation of Caecal 
microbiota and metabolic 
parameters of rats with 
decreased 
Enterobacteriaceae 

(Klewicka et 
al., 2009)  
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It is necessary to investigate if the health benefits attributed to red beetroot can be 

leverage towards alleviating weaning stress and PWD in pigs, thereby improving pig 

immunity and health. While investigations on the health benefits of red beetroot have 

continued over the years, there is a need to explore the potentials of RB as supplement 

in replacement for pharmacological doses of ZnO in weaned pigs focusing on gut 

microbiota modulation and gut health. Therefore, the aim of this present study 

exploring the role of red beetroot as in-feed anti-inflammatory supplements against gut 

dysbiosis and inflammation post weaning.  

 1.4.2 Dietary factors, health and gut health 

Diet of weaned pigs is crucial to the prevention and control of PWD and deterioration 

of gut health. Nutritional stress at weaning, from change in diet and drastic reduction 

in feed intake, constitutes a major risk to pig health, performance and gastrointestinal 

functionality. Appropriate and adequate dietary composition at weaning is imperative 

to maximise feed intake and prevent deterioration of the gut structure (Pettigrew, 2006; 

Kil and Stein, 2010; Arrieta et al., 2014). Diet also aids modulation of the GIT microbial 

composition and function towards optimal health. Analyses of previous studies 

revealed that the gut microbiota is greatly influenced by various dietary components 

including probiotics, prebiotics, organic acid, phytochemicals, dietary fibre and crude 

protein levels (Walker et al., 2011; Macfarlane and Macfarlane, 2012; Knudsen, 2014). 

In this research the control diet comprised of a standard wheat (28%) based diet with 

protein sourced mainly from soya (18%) with other premixes added.  

As summarised in Pluske et al. (2018), important factors to consider in the composition 

of weaned pig diet are palatability, increased digestibility with processed fibre source, 

high quality moderate protein content and low anti-nutritional factors (Heo et al., 2013; 

Park et al., 2016; Flis et al., 2017). Considering the importance of dietary fibre and 

bioactive phytochemicals in weaned pig diet towards the mitigation of post-weaning 

diarrhoea and promotion of gut health, fruits, vegetables and their by-products are 

suitable and sustainable sources of these components (Ruberto et al., 2007). Many 

studies have highlighted the potentials of feed supplement, functional foods and 

nutraceutical strategies from fruits and vegetables (e.g., rapeseed, grapefruit, carrot 

peel, tomato pomace, beets, orange peel and pulp) as dietary interventions to support 
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the immune system, modulate redox balance and inflammatory response towards 

improving animal health (Celi and Gabai, 2015; Rebezov et al., 2020).  

As indicated previously, phytochemicals are naturally occurring plant metabolites with 

diverse biological functions that qualify them as potential alternatives to in-feed 

antibiotics. They exhibit a wide spectrum of antibacterial activities (Hammer et al., 

1999; Wong et al., 2008) and their immune-regulatory activities have been 

demonstrated in both human and animal models (Sokmen et al., 2004; Liu et al., 2012; 

2013). Previous studies on dietary supplementation of animals with phytochemicals 

reported reduced diarrhoea incidence, improved growth performance and enhanced 

disease resistance (Cicero and Colletti, 2016; Lillehoj et al., 2018). Thus, 

phytochemicals enable an improved gut health and barrier integrity (Yin et al., 2019; 

Dingeo et al., 2020; Xiao et al., 2022).  

Dietary fibre enhances digestion, nutrient availability, gut microbial composition, gut 

fermentation and the production and utilisation of metabolites. They are important anti-

inflammatory and anti-carcinogenic agents in the digestive system. Following the ban 

on in-feed antibiotics and ZnO in pig production, inclusion of FVW or plants containing 

bioactive compounds to weaned pig diet provides a viable source of essential dietary 

components and potential nutritional strategy to optimize gut health (Jha and 

Berrocoso, 2015; 2016; Klurfeld et al., 2018; Fang et al., 2022).  

1.4.2.1 Gut health and biomarkers of gut health  

Due to the multifactorial and complex characteristics of a healthy gut, gut health is 

considered as the ability of the GIT to maintain homeostasis with respect to its overall 

structure and function, in spite of the challenges (e.g., pathogenic, chemotactic agents, 

biochemical changes) it may encounter (Pluske et al., 2018). There is a continuous 

interaction between the nutrition (diet), the GIT mucosa (the barrier function), and the 

microbiota (microbial composition) within the GIT that may significantly impact the gut 

health (Niewold, 2015).  

Gut health encompasses several physiological functions, summarised by Bischoff 

(2011) as, effective food digestion and absorption, absence of GIT infections, normal 

and stable microbiome, effective immune status and general wellbeing. Whilst these 

describe the functions of the GIT, the GIT also regulates the epithelial and immune 
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functions of other vital organs essential for the body homeostasis. For instance, the 

gut-brain connection axis (comprising; the enteric nervous system, the 

parasympathetic nervous system and the endocrine system) is crucial to animal 

wellbeing, health and proper functioning of the GIT (Celi et al., 2017; Moeser et al., 

2017).  

With the numerous studies involving dietary supplementation of animal diets with 

plants containing dietary fibres and bioactive phytochemicals, there is need to assess 

the impact of these interventions on the gut health. Several biomarkers (in vitro and in 

vivo) measuring GIT functionality and health as a mark of successful dietary 

interventions have been established in the literature. This was summarised in a review 

by Celi et al. (2019) and here presented in Table 1.5.  Recently, the emergence of 

“omics” approach (e.g., metagenomics, transcriptomic, proteomics, metabolomics 

etc.) have further enhanced understanding the impact of diet on gut health. The 

mechanisms and impact of dietary supplementation on health as well as interactions 

between the gut microbiota, microbiota metabolites and functional pathways can be 

studied using these novel approaches (Xiong et al., 2019; Rostagno, 2022). 
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Table 1.5: Biomarkers of gut functionality and health in animal nutrition; adapted from 

Celi et al. (2019) 

Features/Biomarkers  Test site  Biological 
samples 

Method Remarks and 
References  

Digestion and absorption 

Total carotenoids Duodenum 
and 
Jejunum 

Blood  Spectrophotometry, 
High performance liquid 
chromatography 
(HPLC) 

(Vieira et al., 2008; 
Raila et al., 2017) 

Short chain fatty acids 
and branched chain 
fatty acids 

Ileum and 
colon 

faeces Gas chromatography; 
HPLC; capillary 
electrophoresis 

(Windey et al., 2012; 
Apajalahti and 
Vienola, 2016;) 

Gut microbiota 

Lactate Whole 
intestine 

Blood; 
digesta 
content 

Colorimetry, 
Fluorometry 

Indirect 
measurement of 
intestinal 
permeability 
(Kurundkar et al., 
2010) 

Succinate Whole 
intestines 

Digesta 
content; 
faeces, 
blood 

 (Tsukahara et al., 
2001; Tretter et al., 
2016) 

Immune status 

Pancreatitis-
associated proteins or 
Regenerating islet 
derived III proteins 

Small 
intestine  

blood; 
faeces 

Immunoassay Lectins produce, 
stored and secreted 
in the intestine and 
in the pancreases. 
(Niewold, 2015; 
Soler et al., 2015) 

Calprotectin Whole 
intestine 

Faeces; 
blood 

Immunoassay Marker of neutrophil 
activity, and loss of 
enterocytes 
 (Šplíchal et al., 
2005; Alibrahim et 
al., 2015) 

Lipopolysaccharide Whole 
intestine  

faeces; 
blood 

Immunoassay Endotoxin presents 
on Gram-negative 
bacteria. 
(Mani et al., 2012; 
Metzler-Zebeli et al., 
2013) 

Gut barrier function 

Mucin 2 Whole 
intestine 

Faeces; 
tissue  

Fluorescence, qPCR (Chen et al., 2015) 

Tight junction 
proteins/ Intestinal 
fatty acid binding 
proteins 

Whole 
intestine; 
small 
intestine 

Tissue; 
blood; 
plasma; 
faeces 

qPCR, western blot; 
immunoassay 

(Suzuki, Takuya 
2020; Chen et al., 
2020) 
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1.5 Thesis aims, objectives and hypothesis 

The need for alternatives to in-feed antibiotics and zinc oxide in weaned pig diet, have 

warranted a significant increase in studies exploring the supplementation of weaned 

pig diet with fruits, vegetables and their waste (FVW) or plant extracts. Many plants 

containing bioactives and fibre are currently under investigation for their probable 

ability to mitigate declining health and gut health of pigs post weaning. Red beetroot 

(RB) is one of such plants that have gained much attention recently from its prominent 

anti-inflammatory, anti-oxidative, hepatoprotective and other health benefits reported 

in the literature (Clifford et al., 2015; Mirmiran et al., 2020). These health benefits have 

been verified in humans, rodents (Wootton-Beard et al., 2014; da Silva et al., 2019) 

and rainbow trout (Pinedo-Gil et al., 2017; 2018). However, the effect of red beetroot 

supplementation in weaned pigs have not been considered, and studies 

demonstrating the potential of red beetroot supplementation on the gut health is 

lacking.  

1.5.1 Hypothesis   

This research is based on the premise that red beetroot through its health promoting 

constituents will modulate the gut microbial composition and diversity of weaned pigs, 

promoting the growth of beneficial gut microorganisms that will facilitate increase 

production of gut metabolites (short chain fatty acids and bile acids). Thus, improve 

the health and gut health of weaned pigs by alleviating gastrointestinal changes and 

dysfunctionality that ensues post weaning.  

1.5.2 Thesis aim  

The general aim of this thesis is to evaluate the impact of supplemental red beetroot 

on the gut health of weaned pigs through evaluation of gut microbiota, gut immunity, 

gut integrity and barrier functions, and overall implication on the health of weaned pigs.  

1.5.3 Objectives  

1. To investigate the effect of red beetroot supplemented diet on the gut microbial 

composition, diversity and metabolite production of weaned pigs, in comparison 

to a control diet and zinc oxide supplemented diet. 
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2. To extrapolate, the gut microbiota mediated functions, growth performance, 

diarrhoea occurrence and health implications of diet supplemented with red 

beetroot in weaned pigs.  

3. To assess the structural and functional changes associated with the 

gastrointestinal tract (gut structure, integrity and barrier functions) with red 

beetroot supplemented diets, post-weaning.  

4. To evaluate the anti-inflammatory and antioxidative response of weaned pigs 

to diet supplemented with red beetroot. 

 

1.5.4 Thesis outline 

This thesis compares the effect of red beetroot supplemented weaned pig diet to a 

control – basal diet and diet supplemented with pharmacological dose of ZnO. Chapter 

2 explores the impact of these diets on the gut microbial composition, metabolite 

production and the functional pathways enhanced by the gut microbiota. The chapter 

also reports on performance response and diarrhoea occurrence in the weaned pigs. 

Following this, chapter 3 investigates changes associated with the GIT, in response to 

the dietary treatments, especially the structural and functional changes. Then, chapter 

4 evaluates the immune response of the pigs to the diets, measured by their anti-

inflammatory and antioxidative status. In conclusion, chapter 5 summarises the benefit 

of the diets, industrial application of the study, as well as limitations and future research 

focus.    
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 : Impact of red beetroot supplement on performance, gut 

microbiota diversity and metabolite profile of weaned pigs 

 

2.1 Abstract  

A healthy and well-developed gut microbiota is essential to the production of healthy 

pigs with zero in-feed zinc oxide. With the current prohibition on pharmacological 

doses of zinc oxide in weaned pig diet, alternative ways to improve gut health and 

lower the risk of post weaning diarrhoea are still being considered. This study 

evaluated red beetroot, a natural source of bioactive compounds with anti-

inflammatory and antimicrobial properties, as a potential alternative to zinc oxide with 

focus gut microbiota and metabolite changes. Forty-eight pigs weaned at 28 days old 

were randomly allocated (n = 12) to one of four diets which comprised; a control diet, 

diet supplemented with zinc oxide (3,000 mg/kg), or 2% and 4% red beetroot (CON, 

ZNO, RB2 and RB4; respectively) for a 14-day feeding experiment. The pigs were 

housed in a temperature-controlled flat deck with access to feed and water. After the 

experimental period, pigs were euthanized, blood and gut samples were collected for 

microbial composition and metabolite analyses. The results showed diet 

supplemented with red beetroot at 2% (RB2) increased the gut species richness 

compared to other diets, but marginally influenced the caecal diversity compared to 

diet supplemented with zinc oxide (ZNO). Total bile acids and short chain fatty acid 

levels in RB2 pigs were comparable with the CON, while these metabolites reduced 

in pigs fed ZNO and RB4 diet. Increased red beetroot levels (4%, RB4) led to loss of 

caecal diversity and increased Proteobacteria abundance. In conclusion, RB2 showed 

potential benefits on gut microbiota modulation and metabolite profile. However, red 

beetroot contains several constituents considered to exert different effect that 

impacted the outcome of this study. Future research investigating individual 

components in red beetroot are warranted for better elucidation of their contributions 

to gut microbiota modulation and pig health.  
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2.2 Introduction 

Weaning is a stressful phase in pig production characterised by reduced feed intake, 

poor growth rate and diarrhoea that ensues from separation of young pigs to an 

environment different from the sow (Williams 2003; Lallès et al., 2004; Callesen et al., 

2007). Due to a change in diet from milk to complex plant-based solid feed and the 

pigs’ underdeveloped immuno-digestive system, the gut structure, function and 

microbial balance is disrupted (Kim and Isaacson, 2015; Guevarra et al., 2019). Diet 

remains a strategy to modulate a healthy gut microbial composition towards alleviating 

post weaning diarrhoea, with marked changes observed after two weeks of providing 

weaned pigs with supplemented diets (Leser et al., 2000; Cheng et al., 2018). 

Several dietary supplements such as in-feed antibiotics, metallic oxides (ZnO, 

CuSO4), organic acids, dietary fibre and proteins through their impacts on the gut 

microbiota have been reported to reduce piglet mortality during weaning (Miller et al., 

2009; Slade et al., 2011; Seal et al., 2013; Thacker, 2013). For instance, a fibre rich 

diet sourced from alfalfa was reported to improve gut health and increase the 

abundance of beneficial microorganisms in weaned pigs (Liu et al., 2018)). Similarly, 

probiotics (e.g., Lactobacillus spp.) and prebiotics beneficially modify the gut 

microbiota (Guerra-Ordaz et al., 2014; Dowarah et al., 2017; Liao and Nyachoti, 2017).  

 Many studies have demonstrated the potentials of dietary supplements including in-

feed antibiotics and zinc oxide to reduce pig mortality and enhance overall health (Kim 

et al., 2012). However, they have been implicated in gut dysbiosis and current 

emergence of antibiotic-resistant bacterial strains and genes that are harmful to 

human health (Holman and Chénier, 2015; Schokker et al., 2015; Zhao et al., 2018). 

Consequently, the use of in-feed antibiotics as a growth promoter around weaning has 

been banned in pig production in the (EU) European Union (January 2006; regulation 

(EC) No 1831/2003) and many developed countries of the world (Commission, 2003; 

Anadón, 2006). 

Weaned pig diet supplemented with pharmacological levels of zinc oxide (ZnO; ranged 

2,000 - 4,000 mg/kg) are used in many countries including the UK, until recently. ZnO 

has been found to supress the incidence of post weaning diarrhoea, by alleviating 

weaning-induced intestinal dysfunction and inflammation (Heo et al., 2013; Hu et al., 
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2013; Dong et al., 2019). However, accumulated evidence from literature have shown 

unhealthy effects of ZnO on the gut microbiota. Which includes an increased 

population of coliforms (Højberg et al., 2005; Pieper et al., 2012), reduced anaerobic 

and lactic acid bacteria (Broom et al., 2006; Vahjen et al., 2011; Ciesinski et al., 2018) 

as well as reduced population of commensal bacteria (Starke et al., 2014; Bonetti et 

al., 2021).  

Moreover, there are concerns about severe environmental pollutions from high faecal 

excretions of zinc (Jondreville et al., 2003; Jensen et al., 2018) and strong links 

between animals fed pharmacological levels of ZnO, with increases in multidrug 

resistant E. coli (Bednorz et al., 2013; Yazdankhah et al., 2014). This has raised the 

potential for zoonotic transmission of drug-resistant organisms from food animals 

reported by Cuny et al. (2015) and  Lazarus et al. (2015) and cumulated in the decision 

of the EU to adopt a zero-zinc diet policy by June 2022 (EC regulation 2016/1095) 

(EFSA, 2017; EFSA, 2020). Consequently, there is an increased interest exploring 

other alternatives to ZnO in weaned pig diets, employing diet supplemented with plants 

containing bioactive compounds and health promoting properties. This study therefore 

explored the effect of red beetroot as a supplement in weaned pig diet.  

Red beetroot (Beta vulgaris subsp. vulgaris conditiva) is a rich source of bioactive 

compounds such as betalains, polyphenols, saponins, inorganic nitrate (NO3), fibre 

(Chhikara et al., 2019) and minerals like potassium, sodium, phosphorus, calcium, 

magnesium, copper, iron, zinc, and manganese (Mirmiran et al., 2020). It is classified 

as one of the top ten plants with high antioxidant, anti-inflammatory, antimicrobial, 

anticarcinogenic and hepatoprotective characteristics (Georgiev et al., 2010; Singh 

and Hathan, 2014). Red beetroot is considered a therapeutic ingredient in the 

development of functional foods to address health challenges. Although many studies 

have focused on the potential health benefits of red beetroot in vitro and in vivo in 

humans, murine species, (Clifford et al., 2015; da Silva et al., 2019) and rainbow trout 

(Pinedo-Gil et al., 2017; 2018), effect in pigs and evidence on gut microbiota 

modulation is deficient. This study reports on the effect and health implications of red 

beetroot supplement on gut microbiota composition, short chain fatty acid (SCFA) and 

bile acid levels in weaned pigs.   
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2.3  Materials and methods 

2.3.1 Materials  

The basal diet used for this study was provided by Primary diet, UK, and whole red 

beetroot powder (200 mg/g fibre) was purchased from (Buy Wholefoods online Ltd, 

Ramsgate, UK). All bile salts used as reference (taurohyodeoxycholate, 

glycohyodeoxycholate, taurocholate, glycocholate, taurochenodeoxycholate, 

taurodeoxycholate, glycochenodeoxycholate, glycodeoxycholate, cholate, 

glycolithocholate, chenodeoxycholate, deoxycholate and lithocholate acid), were 

either purchased from Sigma-Aldrich (Steinheim, Germany) or Cayman (Cambridge, 

UK). Also, a mixed volatile short chain fatty acid standard containing (acetate, 

propionate, butyrate, valerate, isobutyrate and isovalerate) was obtained from 

(Supelco – Merck life science Ltd, Dorset, UK). The solvents used, acetonitrile 

(99.9%), methanol (99.9%), phosphoric acid (85%) and formic acid (98 -100%) were 

obtained from (Sigma-Aldrich, Germany) and (Fischer Scientific, Loughborough, UK). 

Chemical reagents, ammonium acetate was purchased from (Fischer Scientific, 

Loughborough, UK).  DNA extraction kit QIAamp Power faecal DNA was from Qiagen 

(Hilden, Germany), and Strata-X 33μm polymer-based cartridges from Phenomenex, 

Cheshire, UK. NEBNext Q5 Hot start HiFi PCR master mix was from (New England 

BioLabs, Ltd, UK) and AMPure XP beads was purchased from (Beckman Coulter, 

United Kingdom). 

2.3.2 Methods 

2.3.2.1 General overview and ethical statement 

The animal trial presented in this thesis was conducted at the National Pig Centre, 

University of Leeds, UK. The experiment was conducted under an ethical approval 

granted by the University of Leeds Animal Welfare and Ethical Review Board 

(AWERB) designated N0. 070510HM (Appendix A). All husbandry practises were set 

by the farm in accordance with the Welfare of Farmed Animals, England Regulation 

2007. All procedures were conducted following the Animals (Scientific Procedures) 

Act 1986, amended regulation by the EU directive 2012/3039/EU and were undertaken 

by personnel holding a Home Office Personal Licence. 
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2.3.2.2 Experimental design and sample collection  

Piglets were farrowed and sourced from the National Pig Centre, University of Leeds, 

UK. Forty-eight piglets (Large White X Landrace X Duroc) weaned at 28 days old 

(average weight: 7.81±0.178 kg) were allocated to one of four dietary treatments 

balanced for body weight, sex and litter origin (n = 12) for a 14-day feeding trial. The 

pigs were housed in pens in a temperature-controlled flat deck, with open feed troughs 

and nipple drinkers, allowing access to feed and water ad libitum. Each pig 

represented an experimental unit and samples were collected per pig. As the main 

focus of this study was to determine the effect of red beetroot supplementation on gut 

microbiota modulation the sample size was estimated based on previous studies with 

similar objectives (Tian et al., 2017; Li et al., 2019; Gu et al., 2019). 

The experimental diets comprised a control (CON) and diet supplemented with 3000 

mg/kg zinc oxide (ZNO), both formulated to meet nutritional piglet requirements set by 

the National Research Council (2012). While the red beetroot supplemented diets 

(RB2 and RB4) were mixed on-farm by adding 2% (20 g/kg) and 4% (40 g/kg) whole 

red beetroot powder to the control diet respectively (Table 6.1). Feed samples from 

each diet group were analysed for ash, ether extract, crude protein, crude fibre and 

zinc, at Sciantec Analytical Services Ltd (Cawood, UK).   

During the trial, pigs were weighed individually on days 0, 7 and 14, feed intake was 

estimated per diet group daily, for calculations of average daily feed intake (ADFI), 

average daily weight gain (ADG) and feed conversion ratio (FCR). Faecal score was 

assessed by visual observation of faecal droppings on the pen floor, by the same 

personnel and scored on the scale of 1 to 5 (where 1 = firm faeces, 2 = soft faeces, 3 

= mild diarrhoea, 4 = severe diarrhoea and 5 = scour). At the end of the experiment, 

one mortality was recorded for the CON group and nine animals (2 pigs each from 

CON, ZNO, RB2 and 3 pigs from RB4) were taken off trial due to weekly weight loss 

from inability to adjust to post weaning diet, changes and stress. Thirty- eight pigs were 

euthanatized by captive bolt and exsanguination, blood samples were collected from 

the jugular vein into heparinized tubes, and from the portal vein into plain tubes. 

Plasma was separated from blood samples after centrifugation at 2000 x g, 4°C for 10 

mins. Faecal samples were collected from the rectum into designated samples tubes. 

The abdominal cavity was opened, each intestinal segment (duodenum, jejunum, 
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ileum, caecum and colon) was separately tied, cut and emptied into a sterile beaker. 

The digesta was immediately mixed, aliquoted into sterile 2 mL tubes. All samples 

were immediately snapped frozen in liquid nitrogen and later stored at -80°C.  

2.3.2.3 Quantification of short chain fatty acids (SCFA) and bile acids 

Short chain fatty acid (acetate, propionate, butyrate, valerate, isobutyrate and 

isovalerate) concentrations in the plasma, digesta from the jejunum, ileum, caecum, 

colon and faeces was determined using gas chromatography (Varian 3400; Varian 

Ltd., Oxford, UK). As described by Taylor et al. (2018), 1 mL digesta sample was mixed 

with an equal volume of distilled water in an Eppendorf tube and centrifuged at 12,000 

x g, 4°C for 10 min. Faecal samples were also treated in the same way (0.6 g in 0.6 

mL of distilled water). Then phosphoric acid (50 µL, 85% v/v) and 0.15 mL of caproic 

acid (150 mM/L) was added as internal standard to the supernatant (0.5 mL) collected. 

The mixture was made up to 1mL with distilled water, centrifuged at 14,000 x g for 20 

min and the supernatant was collected for SCFA analysis. 

Bile acid in digesta samples was determined using method described by Zhang et al. 

(2018) with slight modifications. Approximately 0.3 g digesta was mixed with 

acetonitrile (final conc. 80% v/w) incubated for 20 min at room temperature and 

centrifuged at 15,000 x g, 4°C for 20 min. The supernatant collected was passed 

through 33μm polymer based solid phase extraction cartridges, after they had been 

conditioned with methanol and water. Extracted bile acids were eluted in 1.5 mL 

methanol, concentrated and dried using a solvent evaporator (SP Genevac EZ-2 

Series, Pennsylvania, USA), then reconstituted in 150 μL methanol before subjecting 

to HPLC-MS (Shimadzu, Kyoto, Japan). The mobile phases: A and B was a mixture 

of 5 mM ammonium acetate in water and methanol respectively, both acidified with 

0.012% formic acid. A mixed standard reference (0 to 0.1mM) containing; 

taurohyodeoxycholic acid (THCA), glycohyodeoxycholic acid (GHDCA), taurocholic 

acid (TCA), glycocholic acid (GCA), taurochenodeoxycholic acid (TCDCA), 

taurodeoxycholic acid (TDCA), glycochenodeoxycholic acid (GCDCA), 

glycodeoxycholic acid (GDCA), cholic acid (CA), glycolithocholic acid (GLTHCA), 

chenodeoxycholic acid (CDCA), deoxycholic acid (DCA) and lithocholic acid was 

prepared for quantification of bile salts.  
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2.3.2.4 DNA extraction, amplification and sequencing 

Digesta from the jejunum, ileum and caecum (n = 8 pigs per diet) was used for 

evaluation of the gut microbial composition, selecting about equal number of pigs from 

each pen per diet group. DNA was extracted from (~ 1.0 g) digesta sample with 

QIAamp Power faecal DNA kit (Qiagen, Hilden, Germany) according to manufacturer’s 

instructions. The concentration and purity of each DNA extract was measured 

spectrophotometrically with Nano Drop® ND-1000 (Nano Drop Technologies Inc., 

Dover, USA) and absorbance ratio at 260/280nm observed was within the range 1.8 - 

2.0. Samples were submitted to the University of Leeds Next Generation Sequencing 

facility, St. James’ Hospital, Leeds, UK, for 16S rRNA gene library preparation and 

genomic sequencing.  

The V4 region of the bacteria 16S rRNA gene was amplified using a two-step 

polymerase chain reaction (PCR) with Illumina adaptor overhang and primers (564F, 

806R) described in Illumina 16S Metagenomics sequencing library preparation 

protocol. First, a mixture of NEBNext Q5 Hot start HiFi PCR master mix (12.5 µL), 

10µM of each primer (0.5 µL) and 5µL of DNA extract was combined for each sample, 

the volume was made up to 25 µL with nuclease free water. The program for 

amplification was set at 95°C for 3 min followed by 28 cycles of 95°C for 30 sec, 50°C 

for 30 sec, 72°C for 30 sec, a final extension step at 72°C for 5 min then a holding step 

at 4°C.  Amplification was confirmed on a Bio-analyser 1000 chip (Agilent, Santa Clara, 

CA, USA), then amplicons were purified away from the primers and primer dimer 

species using AMPure XP beads (Beckman Coulter, United Kingdom). A dual index 

and Illumina sequencing adapter was attached to the PCR product using the Nextera 

XT index kit (FC-131-1001) (Illumina, San Diego, CA, USA) for a further 8 cycles of 

PCR. The final library was cleaned up, quantified with Quant-iTTM (Thermofisher 

scientific, Waltham, Massachusetts, USA) and pooled. The pooled libraries were pair-

end sequenced on Illumina MiSeq platform using 2 x 250 base pairs MiSeq reagent 

kit v3 (Illumina, San Diego, CA, USA). 

2.3.2.5 Sequence processing and bioinformatics  

Sequence reads were processed in Mothur v.1.43.0 (Schloss et al., 2009) according 

to the MiSeq standard operation procedure developed by the Schloss group (Kozich 

et al., 2013). The forward and reverse sequence reads were combined to form contigs, 
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ambiguous bases were removed and contigs with 250 to 275 base-pairs long were 

processed further for genus level identification (McDermott et al., 2020). Unique 

sequences were identified and aligned to the SILVA reference database (v.138), a 

maximum homopolymer length of 8 was set then chimeras along with sequences 

identified from the 16S rRNA for archaea, chloroplasts and mitochondria were 

identified and removed. The sequences were pre-clustered allowing for 1 difference in 

every 100-base pair of sequence. Sequences with 97% similarity were clustered into 

operational taxonomic unit. A “Biome” file was generated to transfer the OTU table, 

associated taxonomy and metadata for use in R environment.  

The “Biome” file was processed statistically using R (v 3.6.2 and 4.0.0) with the 

statistical packages Phyloseq (v. 1.31.0) (McMurdie and Holmes, 2013) (McMurdie 

and Holmes 2013), ggplot2 (v. 3.3.0) (Wickham, 2011) and vegan (v. 2.5-6) (Oksanen 

et al., 2013). Alpha diversity (Chao 1, Shannon and Simpson indices) measure of the 

gut microbial composition was performed, a general linear model of the three indices 

was conducted to evaluate the effect of diet and gut location on the gut microbial 

diversity. The models were reduced with lmer Test (Analysis of Deviance, AOD) using 

the nlme package (v. 4.1.1) in R (Lindstrom and Bates, 1988). 

For the Beta diversity, a PERMANOVA (Permutational multivariate analysis of 

variance, 999 permutations) was used to identify significant differences in the Bray 

Curtis distances between the two factors (diet and gut location) and interactions 

between the samples. While a non-metric multidimensional scaling (NMDS) plot of the 

Bray Curtis distance was used to visualize the non-phylogenetic distance in the 

bacterial communities across the gut locations and between the diets. A multilevel 

pairwise comparison between diets and gut locations was also conducted using 

pairwise Adonis function from vegan package in R (v. 4.0.0). Differentially abundant 

genera between gut locations per diet was identified using a two-sided Welch’s t- test 

and graphically presented using STAMP (Statistical Analysis of Metagenomics and 

other Profiles) software (Parks et al., 2014). Further analysis employed DESeq2 (v. 

1.27.32) in R (Love et al., 2014) with Wald hypothesis testing for distinct genera in 

each gut location comparing multiple diet groups. Differences were estimated as fold 

change (Log 2- fold change) between diets, corrected by Benjamini-Hochberg, false 
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discovery ratio (FDR) and statistically significant results were presented as probability 

(P) values ≤ to 0.05. 

2.3.2.6 Predicted gut microbiota functions  

To predict the functions of the gene sequenced from the samples, the OTU abundance 

table and their representative sequences generated from Mothur were sent to Piphillin 

(https://piphillin.secondgenome.com/). The representative sequences were screened 

against KEGG (Kyoto Encyclopaedia of Genes and Genomes) database (2018) as 

described in Iwai et al. (2016) using USEARCH version 8.0.1623 with global alignment 

setting for sequences identification fixed to 97% cut-off. However, at 97% cut off no 

OTU matched the 2018 version of the KEGG database. Hence, following the 

recommendations in Iwai et al. (2016), a 90% cut off described to have a significantly 

high correlation with Taxa4fun and PICRUSt (Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States) (Langille et al., 2013) was 

adopted. This method allows for prediction of functional genes present in the 

representative sample sequence from the microbial community, based on a marker-

gene survey, however, unlike a full metagenomic sequencing, it does not provide 

direct information about the functional genes in the genome. 

From the 90% cut-off, 95 OTUs with greater identity above the cut off matched the 

database and 130 genomes were inferred from the samples. The output was 

normalized with the 16S rRNA copy number of each genome, a metagenome was 

inferred using the gene contents of each genome in the database and the result table 

was exported to R environment with a metafile describing each sample to complete 

the analyses. Functional differences among the diets were compared in STAMP using 

two-sided Welch’s t-test, differences were considered significant at P ≤ 0.05 and after 

values were corrected for multiple-group comparisons by Benjamini-Hochberg FDR 

correction. Additionally, pathways differentially mediated by diet in the different gut 

locations were computed with DESeq2 in R with Wald hypothesis testing and p values 

adjusted for multiple inter-diet comparisons.  

2.4 Statistical analyses 

Bile acids levels in sample was computed in Lab Solutions 5.98 SP1 (Shimadzu 

Limited, UK). Short chain fatty acid (SCFA) and bile acid concentrations were analysed 

https://piphillin.secondgenome.com/
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in R (v. 4.2.2). Zero inflated data were analysed using negative binomial with square 

root link function, and multiple comparison of means was computed using Tukey post 

hoc test with significance level of p < 0.05. Results were expressed as mean and 

standard error of mean (SEM) and presented in tables. A Spearman correlation 

analysis was also performed between SCFA levels, bile acids and the mean relative 

abundance of top twenty-five genera in each gut location per diet using the “Psych” 

(Revelle, 2016) and “Pheatmap” (Gu et al., 2016) packages in R (v. 3.31). Pig growth 

and performance were computed in Excel 2016 and differences between diet group 

analysed in SPSS (v. 26.0) using ANOVA. 

2.5 Results 

2.5.1 Effect of diets on growth performance and diarrhoea incidence 

Overall, there was no significant difference observed in the BW, ADG, ADFI and FCR 

of the pigs across the experimental period. The growth performance, feed intake and 

faecal score of weaned pigs are presented in Table 2.1. A reduction in BW was 

observed for pigs fed diets CON and ZNO during the first week of the trial. The BW of 

each diet group increased from day-8 to day-14 of the trial, albeit no significant 

difference was observed between the groups. The ADFI was significantly different for 

the pigs fed the different diets (P = 0.05) during the second week of the trial, with 

higher feed intake associated with the red beetroot supplemented diet when compared 

with zinc oxide. Also, the faecal score was not different from one pig to the other 

(Figure 2.1). 
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Figure 2.1: Effect of diet on faecal scores (day 0 to day 14) post weaning.  

Values plotted are means and their standard error. Faecal scores on a scale of 1 to 5; firm 
faeces, soft faeces, mild diarrhoea, severe diarrhoea and scour. Diet: CON, ZNO, RB2 and 
RB4 represents; control, and diet supplemented with zinc oxide, 2% and 4% red beetroot 
respectively. 

 

 
Table 2.1: Growth response and feed intake of weaned pigs 

Period Diets    P value 

CON ZNO RB2 RB4  

Pig weight (kg) 

Day 0 

Day 7 

Day 14 

 

7.90±0.34 

7.88±0.27 

9.11±0.36 

 

7.64±0.46 

7.49±0.44 

8.67±0.55 

 

7.69±0.41 

7.94±0.40 

9.37±0.59 

 

8.02±0.27 

8.45±0.43 

9.59±0.56 

 

 

0.883 

0.416 

0.640 

 

ADG (kg/day) 

0-7 days 

8-14 days 

0-14days 

 

-0.003±0.028 

0.191±0.037 

0.090±0.031 

 

-0.021±0.039 

0.185±0.048 

0.078±0.039 

 

0.035±0.037 

0.222±0.036 

0.126±0.030 

 

0.060±0.030 

0.175±0.036 

0.116±0.028 

 

0.268 

0.449 

0.684 

ADFI (kg/day) 

0-7 days 

8-14 days 

0-14days 

 

0.107±0.009 

0.283±0.003ab 

0.184±0.001 

 

0.112±0.013 

0.244±0.021b 

0.171±0.014 

 

0.168±0.039 

0.351±0.033a 

0.251±0.039 

 

0.169±0.019 

0.379±0.267a 

0.257±0.014 

 

0.137 

0.049 

0.104 

  Values presented in mean±SE - standard error. ADFI; Average daily feed intake, ADG; Average daily gain. Values with different      
alphabets are significantly different from each other. P values ≤ 0.05 are statistically significant for the subject and period 
evaluated. CON, ZNO, RB2 and RB4 represents; Control diet, diet   supplemented with zinc oxide, 2% and 4% red beetroot, 
respectively. 
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2.5.2 Effect of diets on short chain fatty acid and bile acid profile 

The gut locations assessed influenced the SCFA levels, with reduced levels (1 to 10-

fold) observed in the jejunum and ileum (P < 0.001) compared to the caecum, as 

expected. The caecum, colon and faecal SCFA levels were similar to each other, 

nonetheless SCFA levels in the faecal sample from the pigs was higher, (P = 0.003) 

compared to levels in the caecum (Table 2.2). The experimental diets (P < 0.05) 

influenced the SCFA levels observed in the different gut locations. SCFA levels was 

high in the jejunum of RB2 pigs, lower in the ileum of ZNO pigs, but comparable in the 

caecum across the diet groups. Also, pigs on diet RB2 (P = 0.03) and ZNO had higher 

(P < 0.001) butyrate levels in the ileum and jejunum respectively, whereas pigs fed 

diet RB4 (P = 0.02) and ZNO (P = 0.03) had lower faecal SCFA level. Overall, total 

SCFA levels reduced (P = 0.01) in RB4 and ZNO pigs, as was most SCFA (e.g., 

acetate, propionate, and butyrate), but levels in CON and RB2 pigs were comparable 

(see Table 6.2a, Figure 6.2a). 

 

Table 2.2: Short chain fatty acid (mM) profile of diet groups and locations evaluated 

SFCA 
Diets     P value 

CON ZNO RB2 RB4 SEM *L #D +L*D 

Acetate 69.14a 54.76b 63.81ab 56.64b 3.32 < 0.01 < 0.05 > 0.05 

Propionate 23.83a 17.04d 20.34b 19.16c 1.42 < 0.05 < 0.01 < 0.01 

Isobutyrate 2.59a 1.60b 1.79b 0.86c 0.36 < 0.02 < 0.02 < 0.02 

Butyrate 9.48a 6.76b 8.08ab 7.09b 0.61 < 0.05 < 0.05 > 0.05 

Isovalerate 1.11a 0.71b 0.67b 0.44c 0.14 < 0.02 < 0.02 < 0.05 

Valerate 1.55a 0.82b 0.58c 0.63c 0.22 < 0.02 < 0.02 < 0.05 

Location         
1Plasma 1.99 1.87 2.31 1.61 0.15 < 0.01 > 0.05 < 0.05 
1Jejunum 7.40b 7.88b 11.28a 7.08b 0.97 < 0.01 < 0.05 < 0.05 
1Ileum 9.21a 7.91b 9.82a 8.45a 0.42 < 0.01 < 0.05 < 0.05 

Caecum 24.91 22.36 23.71 22.12 0.65 < 0.05 > 0.05 < 0.05 

Colon 24.57a 19.25b 17.32b 22.29ab 1.61 < 0.05 < 0.05 < 0.05 

Faeces 39.61a 22.43c 30.84b 23.27c 4.00 < 0.05 < 0.05 < 0.05 

Total SCFA 107.70a 81.69b 95.28a 84.82b 5.876 < 0.05 < 0.05 < 0.05 
Data represents mean SCFA for each diet group and gut location, significant differences indicated by different superscripts across 
the rows. CON, ZNO, RB2 and RB4 represent; control diet, diets supplemented with zinc oxide, 2% and 4% red beetroot 
respectively. 1SCFA levels in these locations were significantly different from levels in the caecum. *P value for effect of location 
on SCFA levels, #P value for significant effect of diets, +P value interaction between location and diet. 
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Similarly, the gut locations influenced the concentration of bile acids observed with 

high jejunal bile acid levels (approx. 1 to 3-fold) compared to other locations, which is 

a normal biological trend.  However, pigs fed RB2 diet had higher (P < 0.05) TCA, 

GCDCA, CA, GLTCA, CDCA and DCA compared to other diets, but an equivalent, 

total and unconjugated bile acids (CA, DCA, CDCA and LCA) level with CON pigs 

(Table 2.3). Conversely, bile acid concentration reduced in ZNO (TCDCA, TDCA, 

GCDCA, GDCA and CDCA) and RB4 (TCA, GLTCA, DCA, CA) pigs relative to CON, 

which cumulatively ensued lesser total and unconjugated bile acids levels. (Table 6.3; 

Figure 6.2b). RB2 fed pigs had the highest total unconjugated (CA, DCA, CDCA, and 

LCA) bile acids (RB2 > CON > RB4 ≤ ZNO). While pigs fed CON had the highest total 

conjugated (GCDCA, GDCA, TCDCA, TDCA, GHDCA, THCA, GLTCA, GCA, TCA) 

bile acids (CON > RB4 > ZNO > RB2). 

 

Table 2.3. Bile acid profile (nmol/g digesta/faeces) from experimental diet groups  

Bile acids 
Diets     P value 

CON ZNO RB2 RB4 SEM *L #D +L*D 

THCA 40.74a 27.29b 16.88c 26.86b 4.90 < 0.01 < 0.01 0.75 

GHDCA 33.78b 46.08a 25.76c 33.45b 4.20 < 0.01 0.05 0.62 

TCA 1.50b 1.56b 1.96a 1.30b 0.14 < 0.01 < 0.01 < 0.01 

GCA 0.40b 0.47b 0.45b 1.37a 0.23 > 0.05 0.01 > 0.05 

TCDCA 21.90a 8.89c 8.30c 15.09b 3.18 < 0.01 < 0.01 < 0.01 

TDCA 5.11a 3.42b 4.07ab 3.90b 0.36 0.02 0.05 0.93 

GCDCA 15.42c 13.88c 35.91a 25.40b 5.10 < 0.01 < 0.01 0.25 

GDCA 3.57b 4.91a 2.95c 3.26b 0.43 < 0.01 < 0.01 0.05 

GLTCA 2.11ab 1.99b 3.60a 1.96b 0.40 < 0.05 < 0.01 0.18 

CA 3.80b 2.59c 4.23a 1.63d 0.59 < 0.01 < 0.01 < 0.01 

CDCA 121.16b 72.28c 147.09a 74.32c 18.34 < 0.01 < 0.01 < 0.01 

DCA 0.10b 0.14b 0.31a 0.12b 0.05 < 0.02 < 0.02 0.20 

LCA 134.25a 108.90b 118.20b 107.66b 6.13 < 0.01 0.05 0.42 

Location 

1Jejunum 138.20b 135.03b 210.83a 128.68c 19.32 < 0.01 < 0.05 < 0.05 

Ileum 95.20a 40.21c 29.11d 50.09b 14.40 < 0.01 < 0.01 < 0.05 

Caecum 23.95a 17.37b 15.65b 12.84c 2.35 < 0.01 < 0.05 < 0.05 

Colon 59.88a 28.45c 46.40b 21.10d 8.77 <0.01 < 0.05 < 0.05 

Faeces 66.59c 71.33b 67.72c 83.62a 3.90 < 0.01 < 0.01 < 0.05 

Total unconjugated  259.30a 183.91b 269.83a 183.74b 23.41 < 0.05 < 0.05 < 0.05 

Total conjugated  124.52a 108.48b 99.88b 112.60b 5.12 < 0.05 < 0.05 < 0.05 

Total bile acids  383.82
a
 292.39b 369.71

a
 296.33

b
 23.98 < 0.001 < 0.05 < 0.01 

Data represents mean bile acid levels for each diet and location evaluated significant differences indicated by superscripts across 
the table for the diet groups. CON, ZNO, RB2 and RB4 represent control diet and diets supplemented with zinc oxide, 2% and 
4% red beetroot, respectively. *p - value for effect of location, #p- value for significant effect of diets, +p- value interaction between 
location and diet. Taurohyodeoxycholic acid (THCA), glycohyodeoxycholic acid (GHDCA), taurocholic acid (TCA), glycocholic 
acid (GCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid (TDCA), glycochenodeoxycholic acid (GCDCA), 
glycodeoxycholic acid (GDCA), cholic acid (CA), glycolithocholic acid (GLTHCA), chenodeoxycholic acid (CDCA), deoxycholic 
acid (DCA) and lithocholic acid.  
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2.5.3 Effect of diets on alpha and beta gut microbial diversity  

The alpha diversity measure of the gut microbiota of weaned pigs fed the experimental 

diets is shown in Table 6.4. There was a significant effect of the experimental diets (P 

= 0.01) on the species richness and diversity of the gut microbiota with respect to the 

gut locations (P < 0.001; jejunum, ileum, and caecum) examined. From the Chao1 

index, diet RB2 increased the jejunal species richness (P = 0.02) compared to other 

diets. The caecum was comparatively species rich for all the diets (Figure 2.2a) and 

in addition more diverse (P < 0.001) than the jejunum and ileum.  

While the Shannon index of alpha diversity measure, showed the gut microbial 

community was diverse, but not generally due to the diets (P = 0.07), howbeit a 

pairwise diet comparison showed ZNO was different from CON and RB4 (Figure 2.2b) 

but related to RB2. No significant species abundance, divergence, or evenness (i.e., 

dominance) was observed between the diets and in the gut locations for the Simpson 

index.                                                                                    

                                 (a)                                                 (b) 

  

Figure 2.2:  Alpha diversity indices of pig gut microbiota; (a) Chao1 index (b) Shannon 
index, showing diet effect on gut species richness and/or diversity. Boxplot represents 
mean (minimum to maximum) species richness and or evenness from each diet in the gut 
locations evaluated. Significant difference between diet is indicated by *P < 0.05, **P < 0.01, 
***P< 0.001, ns; - not significant. CON, ZNO, RB2, and RB4 represent the control diet and diet 
supplemented with zinc oxide, 2% and 4% red beetroot respectively. 
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The beta diversity of the pig gut samples is as shown in the non-metric multi-

dimensional scaling (NMDS) plots (Figure 2.3). Again, the experimental diet influenced 

(PERMANOVA, R2 = 0.067, P = 0.001) the bacteria communities between the 

samples, however most changes were observed in the caecum. Samples from the 

caecum clustered distinctively away from the ileum and jejunum, depicting the caecum 

had a different (PERMANOVA, R2 = 0.177, P = 0.013) microbial composition from the 

ileum and jejunum (Figure 2.3a). The ileum and jejunum microbial communities were 

marginally different (PERMANOVA, R2 = 0.041, P = 0.051). A subset analysis of the 

caecal biome (Figure 2.3b) comparing the diets indicated CON pigs had more (similar) 

closely related species in the caecum than ZNO (P = 0.03) and RB2 (P = 0.05) pigs, 

but comparable to caecal bacteria composition in RB4 pigs (P = 0.35). Hence, ZNO 

pigs contained more (diverse) dissimilar species (P = 0.03) than RB4 pigs, whereas 

RB2 and RB4 pigs were not different (P = 0.09).  

                                                                                               

(a)                                                                           (b) 

  

Figure 2.3: Non-metric multidimensional scaling (NMDS) plots of Bray Curtis non-
phylogenetic distance matrices of gut microbial community of weaned pigs fed 
different diets (a) distribution of samples by diet and gut location (b) distribution of samples 
from the caecum. Diets: CON, ZNO, RB2, and RB4 represent; control diet, diet supplemented 
with zinc oxide, 2% and 4% red beetroot supplemented diets respectively.   
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2.5.4 Effects of diets on gut microbial taxonomic composition  

Notably, 15 phyla and 310 genera were observed from the digesta samples analysed 

with approximately 99% of total sequences (17,573,278) assigned. Dominant bacteria 

phyla with mean relative abundance >1% were Firmicutes, Actinobacteriota, Bacteria 

unclassified, and Bacteroidota. Some other phyla observed but with low abundance 

included Proteobacteria, Verrucomicrobiota, Campilobacterota, Desulfobacterota and 

Spirochaetota (Figure 2.4a). Pigs fed CON and RB4 diets had a significantly increased 

mean relative abundance of Actinobacteriota and Proteobacteria (P < 0.05) 

respectively. There was no significant difference in the mean relative abundance of 

Actinobacteriota and Verrucomicrobiota in the gut locations, however, the relative 

abundance of Firmicutes was decreased in the caecum. Significant compositional 

differences in the phyla and genera across the diet groups and gut locations are 

presented in Table 2.4 and 2.5 respectively. 

 

(a)                                                                         (b) 

 

Figure 2.4: Mean relative abundance of (a) phyla and (b) genera in pig gut locations with 
respective diets. CON, ZNO, RB2 and RB4 represents control diet, diets supplemented with 
zinc oxide, 2% and 4% red beetroot respectively 
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At the genus level, Megasphaera, Streptococcus, Lactococcus, Terrisporobacter, 

Clostridiaceae unclassified, Mitsuokella, Lactobacillus, Veillonellaceae unclassified, 

Lactobacillales unclassified, Phascolarctobacterium, Olsenella and Bifidobacterium 

were among the top genera observed (Figure 2.4b). The mean relative abundance of 

eight genera (Megasphaera, Streptococcus, Anaerovibrio, Rumminococcaceae 

unclassified, Erysipelotrichaceae unclassified, Bacillus unclassified, Terrisporobacter 

and Clostridiaceae unclassified) were influenced by the experimental diets (P < 0.05) 

in the gut locations (P < 0.02) evaluated. Eleven (11) genera were abundant (P < 0.05) 

in the caecum than in the jejunum and ileum (e.g., Megasphaera, Selenomonadaceae 

unclassified, Phascolarctobacterium, Firmicutes unclassified, Bacteria unclassified, 

Erysipelotrichaceae unclassified, Negativibacillus, Anaerovibrio and others). 

Streptococcus, Lactococcus, Lactobacillales unclassified, Streptococcaceae 

unclassified, and Bacilli unclassified were significantly reduced (P < 0.05) in the 

caecum but high in the jejunum and ileum. Clostridiaceae unclassified was significantly 

reduced in the jejunum. 



 
 
 

64 
  

 
Table 2.4: Comparison of mean relative phyla abundance between diet groups and gut locations 

 

Data was expressed in means for each diet and gut location, significant differences were indicated by different letters within groups for the diets and gut location. ANOVA was conducted, and Tukey’s 
HSD test was used to evaluate significant differences between the means. CON, ZNO, RB2 and RB4 represents control diet, diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  
d Standard error of mean, e P value for significant effect of gut locations, f P value for significant effect of diets, g P value of interaction between gut location and diets. 
 

 

 

 

 

 

 

Phylum 

Diets Gut locations  

 dSEM 

 P value 

CON ZNO RB2 RB4 Jejunum Ileum Caecum eL  f D gL* D 

Firmicutes 93.58a 94.48a 96.01a 95.72a  97.74a 96.46a 90.64b 0.617 0.000 0.312 0.062 

Actinobacteriota 4.25a 1.88ab 1.06b 1.42b 1.93a 2.51a 2.02a 0.347 0.733 0.004 0.224 

Bacteria unclassified 0.95a 1.37a 1.13a 1.26a 0.17b 0.28b 3.09a 0.206 0.000 0.796 0.800 

Bacteroidota 0.61a 1.86a 1.03a 0.59a 0.003b 0.005b 3.06a 0.248 0.000 0.067 0.029 

Proteobacteria 0.31ab 0.11b 0.31ab 0.71a 0.03b 0.66a 0.39a 0.068 0.000 0.005 0.126 

Verrucomicrobiota 0.09a 0.06a 0.18a 0.08a 0.11a 0.04a 0.16a 0.026 0.187 0.389 0.132 

Campilobacterota 0.09a 0.08a 0.13a 0.16a 0.01b 0.01b 0.32a 0.041 0.002 0.916 0.921 

Desulfobacterota 0.07a 0.01a 0.03a 0.04a 0.004b 0.001b 0.11a 0.010 0.000 0.230 0.213 

Spirochaetota 0.05a 0.13a 0.11a 0.01a 0.001b 0.03b 0.19a 0.026 0.003 0.259 0.058 
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Table 2.5: Comparison of mean relative abundance of top bacteria genera between diet groups and gut locations 

Data was expressed as mean for each diet and each gut location, significant differences were indicated by different letters within groups for the diets and gut location. ANOVA was conducted, and 

Tukey’s HSD test was used to check for significant differences between the means. CON, ZNO, RB2 and RB4 represents control diet, diets supplemented with zinc oxide, 2% and 4% red beetroot 

respectively. d overall mean for each phylum, eStandard error of mean, f P value for significant effect of diets, g P value for significant effect of gut locations, h P value interaction between gut location 

and diets.

 

Genera 

Diets Gut locations  

 dSEM 

P value 

CON ZNO RB2 RB4 Jejunum Ileum Caecum eL  fD gL* D 

Megasphaera 35.21a 15.90b 12.49b 24.95a  18.18b 14.57b 33.66a 2.78 0.007 0.011 0.441 

Streptococcus 22.43b 33.72ab 44.77a 38.81a 47.03a 48.97a 8.79b 2.95 0.000 0.004 0.661 

Lactobacillus 6.30a 4.36a 3.73a 3.17a 4.57a 5.40a 3.20a 0.48 0.161 0.104 0.594 

Lactococcus 5.20a 4.04a 5.68a 3.03a 8.53a 4.84b 0.9c 0.75 0.000 0.511 0.605 

Lactobacillales unclassified 4.55b 7.62a 6.08a 6.75a 7.14a 9.27a 2.33b 0.58 0.000 0.166 0.376 

Mitsuokella 3.51a 2.23a 1.38a 2.49a 3.35a 2.54a 1.31a 0.53 0.303 0.575 0.846 

Veillonellaceae unclassified 2.73a 0.12b 0.07b 0.25b 0.94a 0.96a 0.49a 0.30 0.750 0.003 0.895 

Selenomonadaceae unclassified 1.95a 0.12a 1.19a 0.35a 0.36b 0.24b 2.11a 0.32 0.024 0.139 0.518 

Olsenella 1.89a 0.68ab 0.24b 0.36b 0.82a 1.03a 0.53a 0.18 0.494 0.004 0.171 

Bifidobacterium 1.63a 0.46ab 0.12b 0.60ab 0.60a 0.99a 0.52a 0.17 0.468 0.011 0.778 

Phascolarctobacterium 1.42a 3.75a 3.98a 3.06a 0.03b 0.04b 9.09a 0.66 0.000 0.245 0.222 

Streptococcaceae unclassified 1.36a 2.14a 1.75a 1.58a 2.94a 1.97b 0.22c 0.19 0.000 0.322 0.829 

Firmicutes unclassified 1.08a 0.83a 0.92a 0.67a 0.30b 0.46b 1.86a 0.10 0.000 0.238 0.004 

Bacteria unclassified 0.95a 1.37a 1.13a 1.26a 0.17b 0.28b 3.09a 0.21 0.000 0.796 0.800 

Erysipelotrichaceae unclassified 0.64ab 1.35a 0.23b 0.15b 0.29b 0.36ab 1.12a 0.15 0.018 0.006 0.001 

Negativibacillus 0.44b 1.91a 1.29ab 0.30b 0.009b 0.004b 2.94a 0.29 0.000 0.075 0.038 

Anaerovibrio 0.30b 0.26b 1.09a 2.03a 0.027b 0.014b 2.72a 0.29 0.000 0.036 0.012 

Bacilli unclassified 0.29b 0.64ab 0.99a 0.67ab 0.68ab 0.89a 0.38b 0.07 0.001 0.000 0.003 

Rumminococcaceae unclassified 0.29b 0.97a 0.43ab 0.23b 0.01b 0.01b 1.42a 0.12 0.000 0.013 0.002 

Terrisporobacter 0.19c 3.41a 2.16ab 1.10bc 0.48b 1.66ab 3.00a 0.31 0.001 0.000 0.015 

Clostridiaceae unclassified 0.17b 2.15a 1.50ab 1.14ab 0.16b 1.97a 1.59a 0.24 0.002 0.013 0.111 
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2.5.5 Differential abundance analyses of genera from the diets  

Differentially abundant genera per diet was computed by Welch’s t-test and FDR-

corrected in STAMP (See; Figures 6.1 to 6.5). The result indicated an increased (P < 

0.05) Megasphaera, Selenomonadaceae unclassified and Veillonellaceae 

unclassified abundance in pigs fed CON diet, Erysipelotrichaceae unclassified, 

Clostridiaceae unclassified and Rumminococcaceae unclassified in ZNO pigs, while 

Bacilli unclassified and Anaerovibrio increased in RB2 and RB4 pigs respectively. 

Further analyses of each gut location with inter-diet comparison presented decreased 

Veillonellaceae unclassified and Selenomonadaceae unclassified abundance in the 

jejunum of RB2 and RB4 pigs, compared to CON and ZNO pigs, whereas in the ileum, 

only RB2 pigs showed an increased Terrisporobacter abundance relative to CON pigs. 

The caecum was enriched with nine genera (e.g., Romboutsia, Clostridiaceae 

unclassified, Terrisporobacter, Candidatus soleaferrea, Muribaculaceae_ge and 

Clostridium_sensu_stricto_1) in ZNO fed pigs compared to CON but diminished in 

genus Selenomonadaceae unclassified. Pigs fed red beetroot diets (RB2, RB4) had 

increased caecal Selenomonadaceae unclassified and/or Anaerovibrio abundance 

relative to ZNO pigs (Figure 2.5). 

 

 
Figure 2.5: Differentially abundant genera, comparisons between diets in the gut 
locations. Only comparisons with significant (P < 0.001) log 2-fold changes are presented. 
CON, ZNO, RB2 and RB4 represents; control diet and diets supplemented with zinc oxide, 
2% and 4% red beetroot, respectively. 
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2.5.6 Correlation between gut microbiota and gut metabolites (SCFA and 

bile acids) 

Correlation analyses between the gut microbiota, SCFA and bile acid levels are 

presented in Figures 2.6 and 2.7 respectively. Although, total SCFA in CON and RB2 

pigs was higher, caecal SCFA levels were comparable across the diet. Acetate and 

propionate levels were closely associated with Firmicutes unclassified, Mitsuokella, 

Megasphaera, Streptococcus, Streptococcaceae unclassified, Anaerovibrio, 

Lactobacillus and Selenomonadaceae unclassified in the caecum for CON and RB 

pigs, but closely associated with the jejunum and ileum Phascolarctobacterium and 

Bacteria unclassified abundance in ZNO and RB4 pigs. However, across the gut 

locations, Faecalibacterium, Blautia, Clostridia unclassified, Clostridiaceae 

unclassified, Dialister, Olsenella, Selenomonadaceae unclassified, Veillonellaceae 

unclassified, and Firmicutes unclassified are examples of genera significantly 

associated with butyrate in ZNO and RB4 pigs, most of which were associated with 

ileal butyrate in RB2 pigs but not significant (Figure 6.6a and 6.6b). 

 

Associations between the gut genera abundance and bile acid levels are presented in 

Figure (6.7). Focusing on the unconjugated (CA, CDCA, LCA) and conjugated (GCA, 

TCA, GDCA, GCDCA, TCDCA, TDCA, GLTCA, THCA, GHDCA) bile acids, in the 

jejunum, CA, CDCA and total bile acid levels were strongly associated with most 

genera in RB2, unlike ZNO and RB4 pigs. Conjugated bile acids were significantly 

associated with the ilea genera (e.g., Bacteria unclassified, Selenomonadaceae 

unclassified and Veillonellaceae unclassified) abundance in the CON and RB pigs. 

However, most bacteria (e.g., Lactobacillus, Lactococcus, Streptococcaceae 

unclassified, Firmicutes unclassified, Terrisporobacter and RF39_ge) were associated 

with, unconjugated, conjugated, and total bile acids in the ileum of ZNO pigs. A 

significant correlation was observed in the caecum between the bacteria; Dialister, 

Streptococcus, Lactobacillales unclassified, Streptococcaceae unclassified, 

Lactococcus, and Selenomonadaceae unclassified and unconjugated bile acids (CA, 

CDCA) in CON, RB2 and RB4 pigs but not in ZNO pigs (Figure 2.7).  
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Figure 2.6: Spearman correlation matrices between top abundant bacteria genera and 
caecal short chain fatty acids. Fatty acids omitted were undetected in the corresponding 
location hence not shown, colour depth depicts correlation between genera and gut metabolite 
where red colour denotes a positive correlation and blue colour a negative correlation. The 
strength of association between the subjects is indicated by the colour intensity, *** P ≤ 0.001, 
**P ≤ 0.01, *P ≤ 0.05). CON, ZNO, RB2 and RB4 represent control diet and diets 
supplemented with zinc oxide, 2% and 4% red beetroot respectively. 
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Figure 2.7: Spearman correlation matrices between jejunal genera abundance and bile 
acid levels. Deoxycholic acid was not detected in the jejunum for the pigs hence not shown. 
Correlation depicted by colour depth, where red colour denotes a positive and blue colour a 
negative correlation. The strength of association between the subjects is indicated by the 
colour intensity and *** P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05). CON, ZNO, RB2 and RB4 represent 
control and diets supplemented with zinc oxide, 2% and 4% red beetroot respectively. 
Taurohyodeoxycholic acid (THCA), glycohyodeoxycholic acid (GHDCA), taurocholic acid 
(TCA), glycocholic acid (GCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid 
(TDCA), glycochenodeoxycholic acid (GCDCA), glycodeoxycholic acid (GDCA), cholic acid 
(CA), glycolithocholic acid (GLTHCA), chenodeoxycholic acid (CDCA) and lithocholic acid.  

 

2.5.7 Predicted functions of pig gut microbiota  

Pathways regulating oxidative stress and inflammation (e.g., flavone and flavanol 

biosynthesis, betalain biosynthesis, IL17 signaling, Th17 cell differentiation, 

lipopolysaccharides biosynthesis and glutathione metabolism) were enhanced in pigs 

fed CON diet but reduced or absent in pigs on other diets (Figure 6.8a, b and c). Also, 

RIG-1 signaling pathway (which signifies the occurrence of viral infection) was 

upregulated in pigs fed the CON diet compared to pigs fed red beetroot supplemented 

diets (RB2 and RB4). There were no differences (P > 0.05) in the predicted gut 

microbiota functions for diet RB2 and ZNO. Shigellosis and pathogenic Escherichia 
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coli infection pathways were significantly enriched (P < 0.05) in the ileum of pigs fed 

RB4 diet (Figure 6.8e) relative to other gut segment of pigs in this group. 

 

Importantly, analyses of each gut location with respect to the experimental diets 

showed that, compared to ZNO pigs, pathways enabling bacteria response and 

adaptation to environmental changes (e.g., biofilm formation, flagella assembly and 

two-component system) were upregulated in the caecum of pigs on CON diet. Also, 

pigs fed RB4 diet had pathways mediating lipid metabolism (i.e., inositol phosphate, 

glycerol-phospholipid, fatty acid degradation, chloroalkane and chloroalkene 

degradation) enhanced. Aside from these, there were no variations between the diets 

in the functional pathway predictions from the jejunal and ilea microbiota. 

 

2.6 Discussion 

This study explored the effect of red beetroot supplementation of weaned pig diet as 

a probable alternative to in-feed ZnO with focus on gut microbial composition and 

metabolite profile. Red beetroot is a rich source of bioactive compounds with 

recognised anti-inflammatory, antioxidant and antimicrobial properties. Given these 

benefits, adding red beetroot to weaned pig diet could promote beneficial microbiota 

modulation of the gut, aimed at preventing gut dysbiosis and diarrhoea post weaning.  

Diet, remains a strong factor shaping and modulating the gut microbiota, towards the 

achievement of gut health and overall wellbeing (Alou et al., 2016). In this study, the 

experimental diets had significant influence on the gut microbial composition and 

diversity. Previous research suggested an average of 7 to 10 days for adaptation of 

the pig gut to a new diet and achievement of a relatively stable gut microbiota (Chen 

et al., 2017; Guevarra et al., 2019). Similarly, supplementation of weaned pig diets 

and gut microbiota modulation with diet containing bioactive plants, feed additives, 

phytochemicals have been found to prevent weaning stress and PWD with immediate 

and long-term effects on the gut health (Everaert et al., 2017; Schokker et al., 2018). 

Recent studies confirmed early establishment of the gut microbiome of young pigs is 

vital to the prevention of post weaning diarrhoea and improvement of growth 

performance (Guevarra et al., 2019; Argüello et al., 2019). Therefore, a healthy pig gut 

microbiota is characterised by an early attainment of a rich and diverse gut microbial 
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composition. Evaluating, the specific changes in the gut during dietary interventions, 

will enable understanding the factors responsible for the dynamic shifts in the gut 

microbiota composition and functions (Isaacson and Kim, 2012).  

Present findings aligns with previous studies that showed reduced species richness in 

the jejunum with in-feed ZnO (Shen et al., 2014; Yu et al., 2017) or ilea digesta 

(Namkung et al., 2006). Conversely, pigs fed RB2 diet had a species rich gut (Chao1 

measure) overall, with increased richness in the jejunum relative to the CON. A 

comparable number of species were observed in the caecum of all the pigs, however, 

the caecum was more species rich and diverse than the jejunum and ileum for all the 

pigs. Which aligns with past findings on abundance of more unique taxa in the caecum 

compared to the jejunum and the ileum (Gao et al., 2019) 

In addition, RB2 and ZNO diets influenced the beta diversity of the pig gut microbiota 

compared to the CON, meaning these diets might have influenced the replacement 

and or changes in abundance of certain species in the jejunum, ileum and caecum. 

Clearly, ZNO diet modulated a species diverse caecal microbiota with more distinct 

bacteria than CON and RB4. Most likely driven by a decreased caecal Firmicutes 

abundance resulting in increased relative mean abundance of other phyla (e.g., 

Bacteroidota). This trend reflects alterations in gut microbiota similar to observations 

in animals on antibiotics treatment, and an “antibiotic like” mode of action for in-feed 

ZnO (Soler et al., 2018). Though, RB2 diet compares with ZNO, it was slightly different 

from the CON but comparable to RB4. Therefore, red beetroot (RB) supplemented 

diets (RB2 and RB4) did not cause a significant taxonomic shift in the gut microbiota 

relative to the CON but RB2 did improve the species richness of the gut.  

This is the first report on supplementation of red beetroot in weaned pig diet to the 

best of our knowledge. However observations from ZNO diet resonate with previous 

findings on pharmacological dose of ZnO in weaned pig diet (Yu et al., 2017). 

Meanwhile, increased RB levels did not translate to a diverse caecal microbiota despite 

an increase in dietary fibre, meaning the gut microbiota interact with fibre differently. 

Importantly, the source and physicochemical characteristics (e.g., solubility, viscosity 

fermentability) of dietary fibre determines their functions (e.g., microbial specificity and 

micronutrient availability) in the gastrointestinal tract, as well as impact on gut 

microbial composition and metabolite production (Awati et al., 2006). Diets containing 
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high fibre, decrease nutrient (e.g., protein) digestibility, stemming an increased 

availability of fermentable substrate for gut microorganisms (Gutierrez et al., 2014). In 

line with higher Proteobacteria abundance observed in RB4 pigs, genera in this 

phylum tend to increase during weaning stress especially in pigs fed diet rich in protein, 

fat, and fibre, consequently depleting beneficial bacteria like; Lactobacillus, 

Lactococcus and Bifidobacterium (Zijlmans et al., 2015). 

Consistent with previous studies, Firmicutes was the dominant phylum, accounting for 

close to 95% of all phyla observed in the gut locations gut (Kim et al., 2011; Looft et 

al., 2012; Hu et al., 2016). However, Firmicutes was significantly reduced in the 

caecum, which contradicts earlier reports of higher proportion of Firmicutes in the 

caecum (Gao et al., 2019). Rather, Bacteria unclassified, Bacteroidota, 

Campilobacterota, Desulfobacterota and Spirochaetota were abundant in the caecum. 

Unlike other studies, Actinobacteriota was second predominant phylum as against 

Bacteroidota usually reported. Differences in management, experimental diets, 

sampling age and sites used in these studies may explain this disparity (Thompson et 

al., 2008; Heo et al., 2013; Guevarra et al., 2018). Remarkably, such gut microbiota 

alterations have been attributed to lactate accumulation in the gut. 

The phylum Actinobacteriota was significantly high in pigs fed CON diet, represented 

by Olsenella and Bifidobacterium, important bacteria with health promoting 

characteristics (Ventura et al., 2004; Picard et al., 2005; Ventura et al., 2009). 

Actinobacteriota is also an important member of a normal microbiota along with 

Firmicutes, Bacteroidota and Proteobacteria (Turnbaugh et al., 2007). However, Wang 

et al. (2020) in their study confirmed gut microbiota changes from lactate 

accumulation, where phylum Bacteroidetes and Firmicutes are being replace by 

Actinobacteria and Proteobacteria, with concomitant reduction in butyrate and 

propionate production. Proteobacteria (e.g., Campylobacter and Salmonella species) 

utilize lactate under microaerophilic conditions, to produce carbon dioxide and water 

(Louis et al., 2022). Hence, lactate accumulations have been linked to gut 

perturbations with predominant Proteobacteria abundance mostly associated with 

diarrhoea in animals. 

The gut microbiota of the small intestine is usually dominated by lactic acid bacteria -

LAB (e.g., Lactobacilli, Lactococcus, Streptococcus, Bifidobacterium etc.) and is 
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responsible for lactate production through various biochemical reactions (Louis and 

Flint, 2017). Though lactate prevents the growth of pathogenic organisms by lowering 

the gut pH, increased levels can be deleterious, causing alterations in gut microbiota, 

toxicity, and pathogenic colonization of the gut. Emerging studies have demonstrated 

the influence of lactate on metabolic output and in the aetiology of many diseases 

(e.g., metabolic acidosis) (Wang et al., 2020; Ma et al., 2022). Essentially, assessment 

of lactate levels in the gut locations examined in this study will be needed to 

substantiate this claim.  

Notable bacteria genera (e.g., Megasphaera, Phascolarctobacterium, Negativibacillus 

and Veillonella) observed in the gut are prominent lactate utilising bacteria and LAB 

(e.g., Streptococcus, Lactococcus, Lactobacillales unclassified and Streptococcaceae 

unclassified). These genera were strongly associated with SCFA (acetate, propionate 

and butyrate) levels across the gut locations (jejunum, ileum, and caecum). Although, 

the small intestine is not the major site for microbiota fermentation and SCFA 

production, significant SCFA levels, and correlations with the jejunal and ilea 

microbiota were discovered in RB diets (RB2 and RB4). The nutritional functions of 

the jejunum and capacity for energy metabolism and fibre fermentation have been 

alluded to in many studies. In return, the gut microbiota metabolite influences the 

jejunal immune system, barrier function and cell proliferation (Duarte and Kim, 2022; 

Chen et al., 2020). Hence, correlations between the gut metabolites and other 

biomarkers of gut immunity and integrity will aid further elucidation of their 

contributions of the jejunum to gut health.  

Additionally, the host immune system is regulated by continuous interaction between 

the gut microbiota and dietary metabolites.  Reduced gut microbiota association with 

butyrate levels observed in this study may be due partly to host immune responses as 

well as the impact of lactate accumulation on the gut (Ivanov and Honda, 2012). 

Alternatively, a decline in bacteria sensitivity to metabolite production may have 

doused a strong correlation between the gut microbiota and butyrate levels in RB2 

pigs, unlike in ZNO pigs. However, inter-individual variability in response to the diet as 

well as variations in gut microbial composition and function cannot be exempted. 

On the other hand, RB2 diet increased individual primary and secondary (CA, CDCA 

and DCA) bile acid levels compared to CON, while DCA was mainly observed in the 
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colon and faeces, hence not correlated with the gut microbiota abundance. Song et 

al. (2021) observed dietary supplementation with CDCA, a natural primary bile acid in 

animal bile, improved growth performance and reduce diarrheal incidence in weaned 

pigs. Another study by Tian et al. (2020) confirmed a higher and potent antibacterial 

activity in unconjugated bile acids compared to their other counterpart, and the 

sensitivity of bile acids to Gram-positive bacteria than Gram-negative was also 

demonstrated.  

Here, the jejunal bile acid profile was in strong association with the jejunal microbiota 

of RB2 pigs unlike ZNO and RB4 pigs, but similar to observations in the ileum for ZNO 

pigs. Most bacteria in this region (small intestine) are usually resistant to bile acids, 

offering protection against pathogenic invasion (Wahlström et al., 2016). Reduced bile 

acid levels in the gut have been implicated in bacterial overgrowth and inflammation 

(Ridlon et al., 2014). Conversely, in the caecum across the diet groups, only few 

genera (e.g., Streptococcus, Lactobacillales unclassified, Lactococcus, 

Selenomonadaceae unclassified, and Erysipelotrichaceae unclassified) were 

(associated) involved in bacterial metabolism of unconjugated bile acids. The reasons 

for reduced bile acid levels with increased red beetroot is not clear. Usually, a high fat 

diet increases bile acid discharge, increasing circulating bile acid levels. Also, dietary 

fibre alters the composition of secondary bile acids, and an increased Proteobacteria 

with RB4 are some probable causes of this trend. 

Dietary components, antibiotics and infections possess the ability to influence bile acid 

levels due to their effects on bile salt hydrolysing (BSH) species (e.g., Clostridium spp., 

Lactobacillus, Bifidobacterium, and Enterococcus) in the gut microbiota (Li et al., 

2013). Bile salt hydrolysing bacteria species have bile acid inducible genes that 

regulate the conversion of primary bile acids to secondary bile acids. Hence an 

increased abundance of BSH species in the jejunal or ileal microbiota will enhance 

conjugation of bile acid and thus increase antimicrobial activity in these segments of 

the gut.  Chiefly, the primary (CA and CDCA) and secondary (DCA and LCA) bile 

acids, have been recognised for increased bacterial metabolism and potent 

antibacterial activity. Both conjugated and unconjugated bile acid groups have also 

been reported to exhibit direct and indirect antimicrobial effects on the gut microbes 

and enhance production of antimicrobial peptides (Begley et al., 2005; Inagaki et al., 
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2006). Total bile acid levels were higher in the jejunum but reduced in the lower 

intestinal tract, levels in RB2 fed pigs was similar to control pigs but reduced in ZNO 

and RB4 fed pigs. Which could have provided a level of protection against pathogenic 

invasion of upper intestinal tract.   

Exploring genera differentially abundant in the pigs fed the different diet, 

Veillonellaceae unclassified and Selenomonadaceae unclassified increased in the 

jejunum of CON pigs relative to RB pigs. Terrisporobacter, an anaerobic Gram-positive 

bacterium in the family Peptostreptococcaceae, differentially increased in the ileum of 

RB2 pigs compared to CON and was strongly associated with butyrate, GDCA and 

GLTCA. Other compositional differences were observed in the cecum, with increased 

fibre fermenters (e.g., Romboutsia, Muribauculaceae_ge, Terrisporobacter, and 

Clostridiaceae_unclassified) linked to SCFA and decreased Selenomonadaceae 

unclassified in ZNO pigs compared to the control. RB2 was not different from ZNO 

except for increased Selenomonadaceae unclassified, while RB4 had increased 

Anaerovibrio inclusive. 

Clostridiaceae unclassified, Rumminococcaceae unclassified and Erysipelotrichaceae 

unclassified were significantly higher in the pigs fed ZNO diet. Starke et al. (2014) 

reported significant increased abundance of Clostridales in pigs fed high (2425 mg/kg) 

dietary zinc. Argüello et al. (2019) also, discovered a higher abundance of the class 

Clostridia and Ruminococcaceae in seronegative and non-shedder pigs to Salmonella 

infection. These strict anaerobes demonstrate a rapid transition of the pig gut 

microbiota from a suckling microbiota to a post weaning microbiota, helping to protect 

the pigs from enteric pathogens.  

A high abundance of Erysipelotrichaceae have been implicated in dysbiosis-related 

disorders of the gut (Kaakoush, 2015). The high immunogenic characteristic of 

bacteria in this family have been reported in cases of post treatment with broad 

spectrum antibiotics like gentamicin in mice (Palm et al., 2014). Which further depicts 

an antibiotic mode of action for ZnO in weaned pigs. Similarly, many studies have 

confirmed associations between bacterial belonging to this genus and host lipidemic 

profiles (Finlayson et al., 2017; Cuevas et al., 2018; Pereira et al., 2020).  
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There are proofs of strong links between Erysipelotrichaceae and host cholesterol 

metabolites (Martínez et al., 2009; 2013), as well as inhibition of Erysipelotrichaceae 

by dietary supplementation with quercetin (Etxeberria et al., 2015). Quercetin is a 

flavonoid (polyphenol) found in fruits and vegetables recognized for its health benefit 

and potential therapeutic effects. Conversely, polyphenol and bioactive pigments 

(betalains) in red beetroot may have caused a decreased abundance of 

Erysipelotrichaceae unclassified in RB pigs.  

Red beetroot has remarkably been described effective in preventing lipid peroxidation, 

thus decrease oxidative damage (Wang and Yang, 2010). These highlights 

observations of upregulated lipid metabolism pathways (i.e., inositol and glycerol-

phospholipid metabolism) in the cecum of pigs in this group relative to ZNO pigs. An 

increased Anaerovibrio abundance, a strictly lipolytic bacteria known to hydrolyse 

triglycerides to fatty acids, in pigs fed red beetroot supplemented diet further attests 

these inferences. Overall, the predicted functions from the microbiota of each gut 

location (jejunum and ileum) did not differ from each diet, pathways in response to 

bacteria adaptation to environmental changes was enhanced by the caecal microbiota 

of CON pigs.  

Summarily, CON pigs had upregulated pathways related to stress response and 

scavengers for free radicals/ reactive oxygen species - ROS (Williams et al., 2004), 

compared to pigs fed ZNO and RB2 diets. Endotoxin production and inflammation 

driven pathways (e.g., lysosome, lipopolysaccharide biosynthesis, IL17 signalling, 

Th17 cell differentiation) were also enhanced by the gut microbiota of pigs in the CON 

group, suggesting the probable occurrence of oxidative stress and inflammation in the 

pigs. There were no marked differences in the predicted gut microbiota functions of 

pigs fed RB2 and ZNO diet.  

This study provides baseline outcomes of red beetroot supplementation in weaned pig 

diet, however not without some limitations. The absence of colon and faecal microbiota 

information hindered correlations with metabolite output. Also, whole red beetroot was 

used in this study, hence, the effect observed on the gut microbiota and metabolite 

production can only be inferred but not specific to any of its constituents. Future studies 

investigating individual components will enhance elucidation of their roles and 

contributions to gut microbiota modulation and pig health. 
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2.7 Conclusion 

Diet remains a viable strategy to modulate the gut microbiota of weaned pig, and red 

beetroot supplementation provides an avenue to explore its bioactives for pig gut 

health. From this study, there were no significant microbiota alterations with red 

beetroot diets, although RB2 increased the species richness of the gut microbiota.  

Increased RB to 4% (RB4) was characterized by higher Proteobacteria abundance 

and a potential decline in butyrate and propionate, which has been linked to 

increased/accumulated gut lactate. The jejunum and ileum microbial compositions 

were similar across the diet groups, but the cecum was diverse with ZNO diet, relative 

to RB2, while CON and RB4 were comparable. RB2 diet also improved gut microbiota 

metabolites (SCFA and unconjugated bile acids) production in the jejunum and ileum, 

depicting foregut fibre fermentation. However, SCFA levels (especially butyrate) 

varied in their association with the gut microbiota in the various gut regions examined. 

The functional pathway predictions from caecal microbiota were closely associated 

with differentially abundant caecal bacteria of the pigs across the diets. Put together, 

red beetroot has the potential to modulate the gut microbiota of weaned pigs with 

increased species richness, enhanced lipid metabolism and metabolite production. 

Future work focused on purified red beetroot components and dosage in weaned pigs 

are warranted. 
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 : Dietary red beetroot supplementation prevents intestinal 

damage and maintains gut barrier function of weaned pigs 

 

3.1 Abstract 

This study explored the effect of red beetroot supplement in weaned pig diet on the 

gut health assessing the gastrointestinal functionality and changes in the gut structure, 

integrity, permeability and barrier function. In a 14-day experiment period, pigs weaned 

at 28 days old were fed with either a control diet or diet supplemented with zinc oxide 

(3,000 mg/kg), 2% and 4% red beetroot (CON, ZNO, RB2 and RB4; respectively). 

Digesta and intestinal tissues were collected for determination of microbiota changes, 

gut morphology and biomarker genes of gut functionality. Blood and faecal samples 

were also collected for measurement of systemic L-lactate and faecal calprotectin 

levels, respectively. The result showed that the diets preserved the gut morphology, 

although a tendency for decreased VH, CD and VH: CD ratio was observed in RB4 

pigs. Supplementation of weaned pig diet with either zinc oxide (ZnO) or 2% red 

beetroot (RB2) prevented intestinal inflammation, decreased caecal Escherichia coli 

population, and promoted intestinal barrier integrity by increased expression of genes 

encoding fatty acid binding and tight junction proteins (FABP2, FABP6, OCLN and 

ZO1; P < 0.05). On the contrary, increased diet red beetroot levels (4%) predisposed 

to GIT dysfunction with increased L-lactate levels, caecal Escherichia coli presence 

and inflammatory cytokines (IL1B and TNF). All experimental pigs showed 

commensurate immune response to the ongoing intestinal dysbiosis and post-

weaning changes by comparable expression of antimicrobial peptides and caecal 

abundance of beneficial bacteria (Akkermansia municiphila, Lachnospiraceae spp. 

and Prevotella copri). Summarily, 2% red beetroot supplementation in weaned pig diet 

could be a viable alternative to supplemental zinc oxide, in preventing weaning 

induced gastrointestinal dysfunction. However, further studies will be required to 

decipher possible causes of dwindling effect, from increased red beetroot levels in 

weaned pig diet. 
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3.2 Introduction 

The gastrointestinal tract plays a crucial role in food digestion, nutrient absorption, and 

serves as a barrier between the host and invading enteric pathogens (Vighi et al., 

2008). The GIT barrier is therefore essential to its optimum functionality and involves 

a structural architecture made of vascular endothelia, cellular epithelial lining, mucus 

secretions and an immunological barrier comprising a network of immune cell 

secretions e.g., cytokines, inflammatory mediators and antimicrobial peptides. The 

GIT functionality is described as a state in which the intestinal tract and the microbiome 

act in synergistic stability, such that the welfare and performance of the animal is not 

impaired by any form of intestinal dysfunction (Bischoff et al., 2014; Celi et al., 2019). 

This have been evaluated via established biomarkers from complex host interactions, 

pathways and mechanisms involving diet, efficient feed digestion and absorption, gut 

microbiota, effective immune system, intestinal permeability, and barrier function 

(Carrillo et al., 2017).  

At the onset of weaning, the GIT undergoes structural adjustment, following increased 

stress, reduced feed intake and change in diet from milk to solids. The physiology of 

the GIT is temporarily disturbed, intestinal integrity compromised, and the absorptive 

capacity of the gut epithelium reduced. This leads to villus atrophy, crypt hyperplasia, 

enterocytes loss and shrunken surface area for nutrient absorption. Which may well 

intensify into gut dysbiosis, intestinal barrier breakdown, increased intestinal 

permeability, oxidative stress, diarrhoea and malabsorption (Moeser et al., 2017; Li et 

al., 2018; Rizzetto et al., 2018). Consequently, gut health and animal performance 

decline drastically as weaning-induced intestinal dysfunction ensues (Zhu et al., 2012; 

Gresse et al., 2017).  

Dietary interventions during this phase of the pig production are necessary to alleviate 

post-weaning gastrointestinal dysfunctionality and to restore gut health of weaned 

pigs. The last few years has witnessed an upsurge in research investigating the use 

of plants, vegetables, herbs and bioactive compounds as dietary supplements in 

weaned pig diet and as nutraceuticals (Ganesan et al., 2013; Heo et al., 2013). 

Importantly, plants with high antioxidant, anti-inflammatory and antimicrobial 

properties are reported to prevent post weaning growth retardation, alleviate intestinal 

dysfunction and improve gut health (Denev et al., 2014; Rossi et al., 2020; Wan et al., 
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2021; Peng et al., 2022). There are numerous studies on the improvement of pig 

performance and intestinal barrier function with supplementation of feed with plant 

extract alone or in combinations (Yan et al., 2012; Bontempo et al., 2014). Recent 

studies in rodents and weaned pigs for example, found that dietary quercetin 

enhanced gut health by increased expression of tight junction proteins, and as an anti-

inflammatory and antioxidant agent (Xu et al., 2014; Zhang et al., 2018; Xu et al., 

2021).  

Similarly, sustained research effort in the development of novel dietary approaches to 

alleviate post weaning diarrhoea and stress of pigs have discovered plants with 

bioactive compounds could replace pharmaceutical doses of ZnO in weaned pig diet. 

Emerging studies have found that these plant bioactives do not only reduce post 

weaning diarrhoea but also impact on gut health, microbiota composition and 

functionality (Bontempo et al., 2014; Sweeney and O'doherty, 2016). These inferences 

were derived through assessment of biomarkers linked to health and gut functionality, 

whereby several dietary supplement in weaned pig diets have been tracked for 

effectiveness in alleviating post weaning stress and GIT dysfunction. Weaning and 

dietary changes contributes significantly to alterations of the GIT structure, integrity, 

microbiota and functions. A few biomarkers of gut health and functionality related to 

this study, are listed in Table 1.5.  

Aside changes in the gut microbiota composition and functional capacity, the intestinal 

barrier function, immunity and oxidative status of weaned pigs can be impaired, 

thereby upregulating the mRNA expression of inflammatory cytokines (TNF and 

interleukins). Increase in pro-inflammatory cytokines negatively affect expression of 

tight junction proteins causing increased gut permeability and breakdown of gut barrier 

with gut metabolites leak into the systemic circulation (Ulluwishewa et al., 2011). 

Equally, transcription of genes coding for fatty acid binding and tight junction proteins 

is a sensitive biomarker for determination of the intestinal permeability. In avian 

species, decrease FABP2 expression is indicative of increased intestinal permeability 

from loss of enterocytes (Chen et al., 2015). However, plasma FABP2 concentrations 

is unlikely to provide sufficient information on weaning and dietary impact on GIT 

functionality (Funaoka et al., 2010; Niewold, 2015). 
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Current research interest in identification of probable biomarkers to determine GIT 

changes at weaning and effects of dietary interventions have provided better insight 

into the diagnosis and alleviation of several GIT conditions and weaning induced 

gastrointestinal dysfunctionality. Calprotectin a cytosolic protein has been identified as 

a useful biomarker for detection of several gastrointestinal conditions, especially for 

quantifying the degree of inflammation (Alibrahim et al., 2015; D'Angelo et al., 2017). 

Previous studies evaluating faecal calprotectin in pigs observed comparable levels in 

adult pigs (sow; 13 ± 38 mg/kg of faeces) and healthy adult humans (2 - 47 mg/kg of 

faeces), but much lower concentrations in piglets at birth (24 ± 60 mg/kg) than human 

babies (145 ± 78.5 mg/kg) (Lallès and Fagerhol, 2005).  

Faecal calprotectin increases during gut dysbiosis, due to increased migrations and 

infiltration of the intestinal tract by neutrophils and macrophages. Elevated levels is 

commonly observed in humans with inflammatory bowel disease (IBD), hence, it is 

validated a non-invasive biomarker of gut inflammation (Ikhtaire et al., 2016; Shi et al., 

2023). Considering the transient nature of circulating cytokines during inflammation, 

faecal calprotectin avails the advantage of constant and timed monitoring of 

gastrointestinal inflammation and gut health of weaned in pigs during dietary 

intervention and at weaning (Barbosa et al., 2021; Dang et al., 2023).  

In addition, L-lactate levels measured in the gut or plasma is a potential biomarker of 

gut permeability and health. Lactate is a product of microbiota fermentation in the gut 

and immediately used up by other gut bacteria (lactate utilizing bacteria), hence, it is 

rarely detected. An Increased lactate levels and/or accumulation suggests a disrupted 

intestinal barrier integrity cascading to an increased systemic lactate level. The 

occurrence of high faecal lactate in animals, is therefore associated with gut microbiota 

imbalance, sequel to increased lactate-producing bacteria and reduced lactate 

utilizing bacteria population (Mayeur et al., 2013; Blake, 2017;)  

Chapter 2 demonstrated improved gut microbial diversity and metabolite modulation 

with supplemental red beetroot at 2%. Conversely, the microbiota shifts with increased 

Proteobacteria abundance linked to lactate accumulations requires further elucidation. 

Not only that, the impact of reduced SCFA (e.g., butyrate) and bile acids 

(unconjugated) production with increased RB levels (RB4), on the GIT functionality 

necessitate further investigation. Red beetroot, as a plant rich in bioactive compounds 
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(betalains, vitamins, fibres and nitrates), with high antioxidant and anti-inflammatory 

potential (Georgiev et al., 2010; Singh and Hathan, 2014; Clifford et al., 2015; da Silva 

et al., 2019) possess the potential of improving GIT integrity, permeability and barrier 

function post weaning. This chapter is focused on the effect of red beetroot 

supplementation on the gastrointestinal functionality, exploring some biomarkers of 

gut health.  

 

3.3 Materials and methods 

3.3.1 Materials  

Reagents, chemicals and materials for sample processing, storage, and histology 

were purchased from Merck Sigma Aldrich (Dorset, UK), Starlab UK Ltd (Blake lands, 

UK) and Sarstedt Limited (Leicester, UK). Invitrogen RNAlater and RNase-free water 

were purchased from Thermofisher scientific (Loughborough, UK). The reagent used 

for RNA isolation, TRIsure was obtained from (Bioline Ltd, UK), Lactate handheld and 

sensor-strips were purchased from (EKF Diagnostics UK). Pig calprotectin competitive 

ELISA kit was ordered from CUSABIO (China) and delivered through Generon 

(Slough, UK). All reagents for gene expression analysis / polymerase chain reaction 

(PCR); iScript cDNA synthesis kit, iTaq Universal SYBR Green Super mix were 

purchased from Bio-Rad (Watford, UK). Milli-Q water and nuclease free water was 

from Merck Millipore (Gillingham, UK).  

3.3.2 Methods 

3.3.2.1 Experimental animals, sample collection and processing 

The experimental animals and diet composition has been described in chapter 2; 

section 2.3.2.2. In addition to details previously provided, plasma separated from blood 

samples collected was aliquoted into 2 mL tubes and faecal samples (approx. 1.0 g) 

were collected into 2 mL Eppendorf tubes. These samples were quickly snap frozen 

and stored at -80°C until analyses. The intestinal tract was separated as described by 

Liu et al. (2018). Precisely, the large intestine was first separated from the small 

intestine, then the small intestine was divided into three segments, the proximal-10 cm 

to the pylorus as the duodenum, the middle portion as jejunum and the distal 5 cm- 
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section prior to the ileocecal junction as the ileum. Three pieces (sized; 3.0 - 5.0 cm) 

were taken from each gut segment and washed with ice cold phosphate buffered 

saline solution (PBS; 10 mM, pH 7.4). One section was fixed in 10% neutral buffered 

formalin for histology, the second cut was wrapped in foil, snap frozen and stored (-

80°C), and the third was immersed in 5 mL RNAlater (Sigma Aldrich) then stored (-

20°C) until RNA isolation. 

3.3.2.2 Histological and morphological assessment of intestinal tissue 

The intestinal segments (duodenum, jejunum, and ileum) were fixed in 10% neutral 

buffered formalin for 48 hours, rinsed with distilled water, then transferred into a 30 mL 

universal bottles containing 70% ethanol. Fixed tissues were submitted to the 

histopathology facility at St James’ hospital, Leeds UK, for processing, waxing, 

embedding, sectioning and staining (haematoxylin and eosin). Histology slides were 

scanned at x 20, on Zeiss Axio Scan Z1 slide scanner equipped with Colibri2 LED light 

source, HXP 120v (Germany). Four sections per each gut segment per animal were 

scanned, following the method described in Håkenåsen et al. (2020), the height of 

well-defined villi (VH) and depth of the corresponding crypt (CD) (approx. 40 villi and 

crypts per sample) were measured with QuPath (v 0.3.2). The ratio between the villus 

height and crypt depth (VH: CD) was also calculated. 

 3.3.2.3 Assessment of systemic and gut lactate levels  

To determine the role of the dietary supplements on intestinal integrity and barrier 

function, L-lactate levels in the ileum and colon digesta as well as the systemic 

circulation were assessed. This was conducted with an L-lactate Scout (SCT) 

handheld and lactate sensors (EKF Diagnostics) with detection range; 0.5 - 25.0 

mmol/L (Meléndez et al., 2021), using protocols described in Sutton (2020). Plasma 

samples (0.5 mL) were centrifuged, and the supernatant separated into clean sterile 

tubes. Sample lactate levels were displayed on the handheld device after adding 0.2 

µL of plasma/digesta to the lactate sensor inserted into the device. For pig digesta, 

ileal digesta (0.3 g diluted 1:5 in 10 mM PBS, pH 7.4) and colon digesta (1.0 g, 1:1 

dilution) were homogenised, centrifuged at 14,000 x g for 2 min, then the supernatant 

was separated into 2 mL Eppendorf tubes. L-lactate was measured in duplicate as 

described above, and readings were automatically haematocrit adjusted by the device 

as indicated in the manufacturer’s instructions. 
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3.3.2.4 Measurement of faecal calprotectin levels  

Faecal calprotectin is a validated non-invasive biomarker of intestinal inflammation 

influenced by dietary interventions. Pig faecal calprotectin levels were determined 

using a competitive calprotectin ELISA kit (Generon, UK) with detection range 0 to 20 

ng/mL (Rebucci et al., 2022; Barbosa et al., 2021). Following the manufacturer’s 

instructions, 100 mg faecal sample was suspended in 0.5 mL 10 mM PBS, pH 7.4, 

vortexed for 1 min, then mixed on a roller shaker for 20 min (5000 rpm). The mixture 

was centrifuged at 1000 x g, 4°C for 20 min, after which the supernatant was further 

diluted (1:5) with sample diluent before conducting the assay. All reagents were 

brought to room temperature (Rt), horseradish peroxidase (HRP) conjugate was 

diluted 1:100 fold with HRP conjugate diluent and the wash solution was diluted 1:25 

fold with distilled water. Calprotectin standard was carefully reconstituted with 1.0 mL 

of sample diluent to give 20 ng/mL, then a series of dilution (S0 - S6) was carried out 

with 150 µL standard stock and equal volume of sample diluent to give the desired 

concentration range (0 - 20 ng/mL). All samples, standard and blank were assessed 

in duplicate with 50 μL of freshly prepared standard and sample added to designated 

wells. Following this, 50 μL of diluted HRP conjugate was added to each well except 

the blank, the plate was covered with a plate sealer and incubated at 37°C for 30 min. 

The wells were aspirated, washed four times with wash solution, and dabbed against 

an absorbent paper to get rid of excess liquid. Afterwards, 90 μL of 3, 3′, 5, 5′-

tetramethylbenzidine (TMB) substrate was added to each well, light protected to 

prevent TBM degradation and incubated at 37°C for 20 min. A colour change was 

observed (light blue to varying graduations of blue), 50 μL of stop solution was added 

to each well, tapping the plate gently to ensure a thorough mix. The optical density 

(OD) was read within 5 min after a change in colour from a gradient of blue to a yellow 

solution, on a microplate photometer (Multiskan FC, Thermofisher scientific, UK) set 

at 450 nm. Calprotectin concentration was calculated in nanograms per microgram 

(ng/mg) of faeces using average optical density of samples after a four-parameter 

logistic (4PL) curve fitting for the standard in R.  
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3.3.2.5 Determination of transcriptional changes in gut tissue and caecal 

microbial presence  

The effect of diets on inflammatory genes and tight junction protein expression was 

assessed as a biomarker of gut immunity, integrity and function. First, ribonucleic acid 

(RNA) was isolated from gut tissue samples stored in RNAlater, transcribed to 

complementary deoxy-ribonucleic acid (cDNA), then primers for the target genes were 

designed before a quantitative polymerase chain reaction (qPCR) was conducted. 

3.3.2.5.1 RNA isolation and real time qPCR 

Total RNA was extracted from pig jejunum and ileum tissue samples in RNAlater using 

TRIsure reagent (Bioline Ltd, UK.), according to the manufacture’s recommendations. 

Briefly, tissue samples were allowed to thaw on ice, approximately 50 -100 mg of gut 

tissue was taken into a cold 2 mL RNase-free tube containing 1mL TRIsure. The 

sample was homogenised with a tissue homogeniser (VWR, International Ltd, Poole, 

UK) for 45 sec, homogenate was incubated for 5 min at room temperature (Rt) then 

0.2 mL chloroform was added per 1 mL TRIsure used. Tubes were capped securely, 

whirled on a vortex machine (VWR, UK) for 15 sec, further incubated for 3 min then 

centrifuged at 12,000 x g, 4°C for 15 min to separate the sample into phases (a 

colourless upper aqueous layer, an interphase and pale green organic layer). 

The upper aqueous layer (0.5 mL) was carefully separated into a new sterile RNase-

free tube and an equal volume of cold isopropyl alcohol was added to precipitate the 

RNA. The mixture was incubated for 10 min at Rt, centrifuged at 12,000 x g, 4°C for 

10 min. After, the supernatant was removed leaving the RNA pellet, which was washed 

twice with 75% ethanol (1 mL per 1 mL TRIsure used). The sample was vortexed, 

centrifuged at 7500 x g for 5 min at 4°C, each time removing the ethanol and leaving 

the RNA pellet which was subsequently air-dried and dissolved in RNase-free water. 

RNA quality and concentration was determined using the Nano-Quant plate (Tecan 

Spark 10M microplate reader) at 260 and 280 nm. Isolated RNA samples were stored 

at -20°C until further analysis. 
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3.3.2.5.2 Complementary DNA (cDNA) synthesis, primer design and qPCR 

Each RNA isolate was reverse transcribed to cDNA using the iScript™ cDNA 

synthesis kit (Bio-Rad). The reaction contained 2 µL 5x iScript buffer, 0.5 µL of iScript 

reverse transcriptase enzyme, RNA template in volume containing a 0.5 µg of total 

RNA all made up to a final volume of 10 µL with RNase- free water. The reaction 

mixture was incubated on a pre-programmed thermal cycler (Prime, Biby scientific Ltd, 

UK) set at 5 min incubation at 25°C, followed by 30 min at 42°C terminated at 5 min 

at 85°C then held at 4°C. The resulting cDNA was diluted 20 times and stored at -80°C 

prior to use. 

Quantitative real time PCR was performed to determine the transcription levels of 

some selected representative genes for; inflammation (interleukin-1B (IL1B), IL10, IL2, 

interferon gamma (IFNG), tissue necrosis factor alpha (TNF)), immunity/antimicrobial 

peptides (mucin 2 (MUC2), MUC4,  regenerating islet-derived 3 gamma (REG 3G), C-

C motif chemokine ligand 20 (CCL20)) and tight junction/integrity functions (Zona 

occludens; ZO1, Claudin 3; CLDN3, Occludin; OCLN and fatty acid binding proteins 

(FABP2, FABP6). Primers for selected genes were designed and blasted using the 

national centre for biotechnology information (NCBI) database (Table 3.1) centred on 

18 - 24 base length, melting temperature of 60°C +/-5°C and a GC content between 

40-60%. Primer efficiency and amplification linearity was verified (for target and 

housekeeper genes) before quantification and PCR product sizes were confirmed by 

2% agarose gel electrophoresis (Figure 6.9).  

Transcription levels in samples (cDNA) were evaluated in duplicate in 10 µL PCR 

reactions using iTaq™ Universal SYBR Green Super mix (Bio-Rad, UK) on a StepOne 

Plus 96-well, Real-Time PCR System (Applied Biosystems, Nottingham, UK). Each 

reaction contained cDNA template (2 µL), 5 µL of 2x SYBR reagent, and 0.4 µL each 

of a 400 nM forward and reverse primer, made to a final volume of 10 µL with RNase-

free water. The programme for amplification was set at 95°C for 30 sec (activation 

step), followed by 40 cycles of denaturation at 95°C for 15 sec and 

annealing/extension at 60°C for 60 sec. A melt curve analysis (65°C to 95°C, 0.5°C 

incremental increases every 5 sec) was performed at the end of each PCR run. Gene 

expression levels was calculated using (2-∆∆CT) method by Livak and Schmittgen 

(2001), with normalization to the housekeeper gene (β-actin).  



 
 
 

87 
  

3.3.2.5.3 Microbial genomic DNA extraction  

DNA samples used were from the genomic DNA extraction conducted and described 

in chapter 2; section, 2.3.2.4. To complement 16S rRNA analyses and due to high 

number of genera below 1% relative abundance according to Jian et al. (2020), the 

population of some representative bacteria species recognised for their effect on the 

gut function and health were assessed in the caecum using qPCR Primer sequences 

were obtained from the literature and control blasted using NCBI primer-blast tool 

(Table 3.2). DNA samples were diluted 1:100 fold and the qPCR for the bacterial 

targets was conducted with 30 ng genomic DNA, amplification set for; 2 min activation 

step at 95°C followed by 40 cycles of denaturation at 95°C for 15 sec and 60°C for 60 

sec. The Ct-values of targeted bacterial species were normalized to the universal 

microbial primer and the relative bacterial abundance was determined as described 

above.  

3.4 Statistical analyses  

Data collected was normalized using Shapiro-Wilk test and square root transformed 

where necessary to ensure normal distribution before further statistical analyses. 

Results were expressed as mean and standard error. Statistical analysis was 

performed by ANOVA, using the general linear model in SPSS (v. 26.0). Differences 

between the diet groups at the selected gut location was determined by Tukey’s 

honest significant difference (HSD) post hoc test. The differences were considered 

significant at P ≤ 0.05 level. Then, Pearson’s correlation analysis was used to establish 

relationship between the different biomarkers assessed. 
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Table 3.1: Primer sequences for target genes   

Gene Forward primer (5´ to 3´) 
Reverse primer (5´ to 3´) 
 

Size (bp) Accession 
number 

Reference genes  

ACTB 
 

GTCACCAACTGGGACGACAT 
GTACATGGCTGGGGTGTTGA 

174 XM_021086047.1 
 

Pro and anti-Inflammation target genes 

IL1B 
 

ACTTTGTCTGTGATGCCAACG 
TCATGCAGAACACCACTTCTC 

147 NM_214055.1 

IL2 
 

CAGTTTTGGAACTAAAGGGATCTG 
AGTCAGTGTTGAGTAGATGCTTTG 

125 NM_213861.1 
 

IL10 ACCTGGAAGACGTAATGCCG 
GGGCAGAAATTGATGACAGCG 

125 NM_214041.1 

TNF GCCCTTGGAAATGCTCTCTA 
ACCCCTTGTCTGTCTACTCA 
 

93 X54001.1 

IFNG 
 

GCCATTCAAAGGAGCATGGA 
TTCACTGATGGCTTTGCGCT 
 

144 NM_213948.1 
 

Immunity target genes 

REG 3G 
 

ATCCTTCGTGTCCTCCCTGA 
GCATTTGGTTCCAAGCCCTC 

96 XM_021085605.1 

CCL20 AGCTCGCCAATGAAGCTTGT 
CTGCACACACGGCTAACTTT 

72 NM_001024589.1 

MUC2 
 

AGCTCCAGAGAGAAGGCAGAAC 
AGGATGTACTCGACCTGGGAG 

220 XM_021082584.1 

MUC4 CTCACACCACCACTTCAGTCCTAA 
GTAGTTGTCATAGTGTTTCCACCC 

169 XM_021068272.1 
 

Tight junction and fatty acid binding proteins 

FABP2 
 

TTGAGCATTGTTCTTGGAGCAC 
CAGCAACCTTATGCTTGATGAG 

102 NM_001031780.1 

FABP6 GTGGTGAACAGCCCCAACTA 
TGCTTACACGCTCGTAGCTC 

100 NM_214215.2 
 

CLDN3 AGGACTACGTATGAGGGGGC 
GACTGGTCTCGGATGCAAGG 

99 NM_001160075.1 

OCLN TCAGGTGCACCCTCCAGATT 
TATGTCGTTGCTGGGTGCAT 

169 NC_010458.4 

ZO1 TCAAGGTCTGCCGAGACAAC 
TCACAGTGTGGTAAGCGCAG 

139 XM_003480423.4 
 

Beta Actin – (ACTB); Interleukin 1B - (IL1B), Interleukin 2 - (IL2), Interleukin 10 - (IL10); Tissue necrosis factor - (TNF); Interferon 
gamma - (IFNG). Regenerating islet-derived 3 gamma - (REG 3G) -; C-C motif chemokine ligand 20 - (CCL20); mucin 2 – gel 
forming (MUC2); mucin 4- cell surface associated (MUC4). Fatty acid binding protein - (FABP2; FABP6); Claudin 3 - (CLDN3); 
Occludin (OCLN); Zona occludens/ tight junction protein- (ZO1). 
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Table 3.2: Primer sequences for bacterial targets 

Bacterial gene Forward primer (5´ to 3´) 
Reverse primer (5´ to 3´) 
 

Size (bp) Accession 
number 

Universal Primer 
 

CGGTGAATACGTTCYCGG 
AAGGAGGTGATCCRGCCGCA 

172 (Suzuki et al., 
2000) 

Akkermansia 
muciniphila 
 

CAGCACGTGAAGGTGGGGAC 
CCTTGCGGTTGGCTTCAGAT 

329 
 

NR_074436.1 

Faecalibacterium 
prausnitzii 

ATACCGCATAAGCCCACGAC 
ATGTGGCCGTTCAACCTCTC 

149 NR_028961.1 

Escherichia coli TGATTTCCGTGCGTCTGAATG 
ATGCTGCCGTAGCGTGTTTC 

115 (Molina et al., 2015) 

Lactobacillus spp. 
 

 AGCAGTAGGGAATCTTCCA 
CACCGCTACACATGGAG 

LAC1; 
Lab0677 

(Su et al., 2008; 
Wang et al., 2020) 

Lachnospiraceae spp. 
 

AACAGAGGAGACAGGTGGTG 
GCTTCCCTTTGTTTACGCCA 

228 (Park et al., 2020) 

Prevotella copri ACCACTTGGGGATAACCTTG 
TACATGCAAAAAGCCTCACGAGGC 

347 (Verbrugghe et al., 
2021) 

Enterotoxigenic 
Escherichia coli (ETEC). 
 

GGCACTAAAGTTGGTTCA 
CACCCTTGAGTTCAGAATT 

K88 AD (Alexa et al., 2001; 
Wang et al., 2020) 

 

 

3.5 Results  

3.5.1 Effect of red beetroot supplement on gut morphology 

As shown in Table 3.3, the diets did not potentiate significant changes to the histo-

morphological assessment of the gut tissues from the duodenum, jejunum and ileum, 

measured via the villus height (VH), crypt depth (CD) and villus height: crypt depth 

ratio (VH:CD). Although slight decrease in the crypt depth and villus height was 

observed in the jejunum and ileum of RB4 pigs. Representative images from the gut 

locations for each diet is presented in Figure 3.1. 
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Table 3.3: Gut histomorphometric measurement (µm) of weaned pig fed different diets 

Diets  CON ZNO RB2 RB4 P value 

Duodenum 

Villus height  282.84±4.31 254.50±20.57 301.60±15.67 300.01±31.35 0.36 

Crypt depth 279.62±14.25 252.34±19.33 280.07±13.54 283.56±26.70 0.64 

VH:CD ratio 1.02±0.06 1.01±0.04 1.08±0.45 1.05±0.03 0.68 

Jejunum 

Villus height 252.54±14.45 229.97±29.39 254.52±19.71 228.08±12.53 0.59 

Crypt depth 243.92±15.73 222.37±32.71 259.04±28.61 205.64±10.09 0.40 

VH:CD ratio 1.04± 0.03 1.05±0.02 0.99±0.04 1.11±0.06 0.27 

Ileum 

Villus height 215.47±24.65 221.50±11.42 223.53±26.09 205.11±13.22 0.86 

Crypt depth 226.48±26.88 228.51±12.59 233.63±30.35 228.44±6.16 0.83 

VH:CD ratio 0.99±0.02a 0.97±0.03a 0.94±0.01a 0.90±0.04b 0.03 
Data expressed as means ± standard error. Superscripts along the table indicate significant differences (P< 0.05) in that gut 
location for the corresponding measurement. 
 
 

 

Figure 3.1: Representative haematoxylin and eosin sections of weaned pig gut. CON, 
ZNO, RB2 and RB4 represents control diet and diets supplemented with zinc oxide, 2% and 
4% red beetroot respectively. (Each micrograph is of magnification 20x and scale bar - 400 
µm). 
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3.5.2 Effect of red beetroot on gut inflammation 

To determine the role of red beetroot supplemented diets on gut inflammation, 

changes in the mRNA levels of inflammatory genes (IL1B, IL10, IL2, TNF and IFNG) 

in the jejunum and ileum were assessed. As shown in figure 3.2a, mRNA levels of pro-

inflammatory genes (IL1B, TNF and IFNG) increased in the jejunum with ZNO diet. 

IL1B was higher in pigs fed RB4 compared to CON (P = 0.003) and RB2 (P < 0.001) 

pigs. Also, jejunal IFNG transcription levels were comparable in CON and RB pigs, but 

high in ZNO pigs than RB pigs (RB2; P = 0.03; RB4; P = 0.02). However, jejunal IL2 

expression reduced in CON (P = 0.03), and RB fed pigs (RB2; P = 0.03, RB4; P = 

0.04) compared to ZNO pigs.  

As presented in figure 3.2b, comparable mRNA levels of IL10 and IFNG was observed 

in the ileum. IL2 and TNF mRNA levels reduced in ZNO pigs, while levels increased 

in the RB pigs (RB2; P = 0.01, RB4; P = 0.04), however comparable to CON pigs. 

Also, in the ileum, IL1B levels in RB4 pigs was significantly higher (P = 0.05) than 

CON.  

Faecal calprotectin levels observed ranged between (210 and 985 ng/mg of faeces), 

although levels were comparable between the diet groups, RB4 pigs showed higher 

levels (P = 0.01) relative to pigs fed ZNO diet (Figure 3.2c). In addition, IL10 mRNA 

levels were positively associated with other targets evaluated for gut inflammation 

(TNF; R = 0.55, P < 0.001, IL1B; R = 0.71, P < 0.001, IL2; R = 0.60, P < 0.001, and 

IFNG; R = 0.49, P = 0.002).  
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(a)  
 

 
   (b)  

 

   (c) 

      

Figure 3.2: Assessment of gut inflammation (a) Jejunum (b) Ileum and (c) evaluation of 

faecal calprotectin levels. Significant difference between diets depicted by * P ≤ 0.05, ** P ≤ 

0.01, *** P ≤ 0.001 between subjects linked by the line. CON, ZNO, RB2 and RB4 represents 

control diet and diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively. 
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3.5.3 Effect of red beetroot on gut immunity and caecal microbiota 

As shown in Figure 3.3a, the diets had no influence on jejunal REG 3G (P = 0.75), 

CCL20 (P = 0.85), MUC2 (P = 0.16) and MUC4 (P = 0.65) transcription levels. In the 

ileum, MUC2 and MUC4 mRNA levels were not quantified due to high Ct values. REG 

3G levels were higher for CON than ZNO fed pigs (P = 0.02) but not different from RB 

pigs (P > 0.05) in the ileum. 

Furthermore, the population of specific bacterial species with recognised gut health 

functions were evaluated using qPCR method. Results showed, comparable caecal 

population of Prevotella copri, Lachnospiraceae spp. and Akkermansia muciniphila 

across the diet groups (Figure 3.3b). However, in CON pigs Lactobacillus spp. was 

significantly increased (P = 0.03) compared to ZNO pigs.  

Again, pigs fed RB2 (P ≤ 0.001) and ZNO (P = 0.003) diet had a decreased caecal 

Escherichia coli abundance compared to CON pigs. E. coli population in RB4 pigs was 

similar to CON pigs (P = 0.86) but higher (P ≤ 0.02) compared to ZNO and RB2 pigs. 

Although, comparable Faecalibacterium prausnitzii abundance was observed 

between CON fed pigs and others, pigs on RB4 diet had a higher abundance (P = 

0.04) than ZNO pigs. The relative abundance of enterotoxigenic Escherichia coli 

(ETEC) in the caecum was below quantifiable thresholds (Ct ≥ 34 cycles). 

3.5.4 Effect of red beetroot on gut integrity, permeability and barrier 

function 

The mRNA levels of genes encoding for fatty acids binding protein (FABP2) reduced 

(P < 0.01) in the jejunum of RB pigs compared to ZNO fed pigs, but comparable levels 

were observed in the ileum of all the pigs across the diet groups (Figure 3.4a and 

3.4b). The diets significantly influenced the gut (jejunum; P = 0.003, ileum; P = 0.05) 

expression of FABP6, with increased levels (P < 0. 01) in the jejunum of ZNO fed pigs 

while RB fed pigs was not different from CON pigs. In the ileum, RB2 fed pigs had 

significantly higher FABP6 levels (P < 0.05) compared to ZNO and CON pigs, RB4 

pigs was not different from CON and RB2 pigs. 
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(a) 

 

(b) 

 

Figure 3.3: Effects of diets on (a) gut immune status assessed via gut expression of 

mucins and antimicrobial peptides in the jejunum and ileum and (b) caecal bacteria 

abundance. Significant difference between diets depicted by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 

0.001 between subjects connected by the line. CON, ZNO, RB2 and RB4 represents control 

diet and diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  
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Considering the mRNA levels of the tight junction (TJ) proteins (Figure 3.4a), jejunal 

expression of ZO1 (P = 0.21) and CLDN3 (P = 0.65) was similar in all the pigs. 

However, jejunal OCLN expression was significantly higher (P = 0.02) in RB2 pigs 

than in RB4, but comparable to CON and ZNO pigs. Comparable ileal OCLN was 

observed in all the pigs, while ilea CLDN3 reduced in RB2 pigs relative to CON and 

ZNO pigs (Figure 3.5b). Ileal ZO1 transcription level also increased in RB pigs but 

significantly in RB2 pigs than in CON (P = 0.04) and ZNO (P = 0.03) pigs. Ileal 

expression of FABPs and TJ proteins in RB2 and RB4 fed pigs was similar. 

Additionally, mRNA levels of FABPs and TJ proteins were positively associated with 

the expression of inflammatory target genes. In the jejunum; (FABP2 vs (IFNG; R = 

0.57, P < 0.001, TNF; R = 0.61, P = 0.001), and ZO1 vs (TNF; 0.55, P < 0.001, IL2; R 

= 0.54, P < 0.001), in the ileum; (FABP2 vs ZO1; R = 0.74, P = 0.001, FABP6; R = 

0.83, P < 0.001). However, there was a negative correlation between jejunal OCLN 

and IFNG (R = - 0.56; P < 0.001; TNF; R= - 0.41, P = 0.01).  

Systemic and gut L-lactate levels assessed is presented in Table 3.4, ileal L-lactate 

was significantly lower (P < 0.05) in RB2 and ZNO pigs compared to CON pigs but 

RB4 pigs were similar to CON pigs. Plasma and colon lactate levels did not differ 

between the pigs across the different diet groups.  

 

Table 3.4: Gut and systemic L-lactate levels of weaned pigs fed different diets 

 CON ZNO RB2 RB4 P value 

Gut location      

Ileum (mM/g) 

pH 

96.76±26.41a  

6.97 

44.72±15.53b  

6.92 

48.83±11.13b  

6.91 

76.85±20.18a   

6.59 

0.03 

Colon (mM/g) 

pH 

4.08±1.64 

6.05 

3.39±2.29 

6.26 

4.02±1.78 

6.16 

4.80±1.95 

6.00 

> 0.05 

Plasma 

(mmol/L) 

9.68 ± 1.18 7.85±1.01 8.01± 0.86 8.98±1.07 > 0.05 

Lactate level expressed as means and (standard error). Superscripts across the table indicate significant differences (P< 0.05) 
between the diets for that gut location evaluated.  
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(a) 

 

(b) 

 

Figure 3.4: Effect of diets on gut integrity, permeability and barrier function assessed 
by expression levels of fatty acid binding and tight junction proteins in the (a) Jejunum 
and (b) Ileum. Significant difference between diets depicted by * P ≤ 0.05, ** P ≤ 0.01, *** P 
≤ 0.001 between subjects linked by the line. CON, ZNO, RB2 and RB4 represents control diet 
and diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  
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3.6 Discussion 

Weaning remains a critical transition period that exposes the young pig to many 

endogenous and exogenous stressors resulting in weaning-induced intestinal 

dysfunctions. The small intestine, atrophies from reduced feed intake and nutrient 

absorption, resulting in severe impairment of the gut structure and function (Montagne 

et al., 2003; Lallès et al., 2004; 2007). As a result, modulating weaned pig gut health 

during post weaning period through strategic dietary intervention and supplementation 

is fundamental to alleviating weaning induced intestinal dysfunctions.  

Past studies have shown that some plants containing bioactive compounds with anti-

inflammatory and antioxidant properties improve gut function and health of weaned 

pigs (Li et al., 2012; Gan et al., 2019; Wang et al., 2020). Red beetroot is an example 

of plant with similar properties; hence, this chapter evaluated its influence on the gut 

health of weaned pigs with focus on the gut structure, inflammation, immunity, 

integrity, permeability and barrier function. Current outcomes showed red beetroot at 

2% inclusion has promising effects on gut functionality and in some cases better 

responses than zinc oxide supplemented weaned pig diet.  

Past investigations on effect of dietary supplement on the gut structure of weaned pigs 

reported significant changes, not only due to weaning, but also due to the dietary 

composition provided the pigs (van Beers-Schreurs et al., 1998; Ngoc et al., 2012). 

Failure in morphology observed in the foregut at weaning is characterised by an 

increased crypt depth (crypt hyperplasia), decreased villus height and/ or a decrease 

in villus height /crypt depth ratio. This is followed by epithelial sloughing (reduction in 

mature enterocyte population) thus a reduced absorptive capacity and post weaning 

diarrhoea (Pluske et al., 1997). 

In this study, the experimental diets preserved the gut morphology. However, the VH, 

CD and VH: CD reduced in the jejunum and ileum of pigs fed RB4 diet. Shorter villi 

and deeper crypts have consistently been associated with increased enterocyte loss 

or reduced cell renewal, which leads to impaired intestinal absorptive capacity and 

post weaning diarrhoea (Nabuurs et al., 1993; Yin et al., 2019). The VH:CD ratio has 

been designated an important criterion for assessing nutrient digestion and absorption 
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capacity (Pluske et al., 1997; Montagne et al., 2003), hence, very likely these functions 

were somewhat impaired in pigs fed RB4 diet.   

Equally, weaning transition is associated with microbial disruptions and dysbiosis 

causing intestinal inflammation. This is evident by an immediate immunological 

response stimulating increased production/expression of inflammatory cytokines in the 

gut (Pié et al., 2004). During gut inflammation, pro and anti-inflammatory cytokines are 

significantly modulated and regulated. More so, in event of a pathogenic invasion of 

the gut or a dietary modulation to alleviate weaning stress, there could be an increased 

expression of pro-inflammatory cytokines; TNF, IL6, IFNG and IL1B (Lippolis, 2008). 

Consequently, the gut permeability and barrier function become compromised due to 

reduced expression of tight junction proteins (Zonula occludens, Occludin, Claudins) 

(Capaldo and Nusrat, 2009; Vancamelbeke and Vermeire, 2017). The presence of 

intestinal inflammatory cytokines therefore is a proven biomarker to assess the GIT 

barrier function (Kim et al., 2009; Bischoff et al., 2014; Celi et al., 2017). 

Results here showed that pigs fed RB2 diet had comparable jejunal expression levels 

of inflammatory cytokines (IL1B, TNF, IFNG) with CON pigs, but these inflammatory 

cytokines increased in ZNO pigs. However, in the ileum, pigs fed ZNO diet showed 

significant ability to downregulate TNF expression, while pigs on RB diets had 

comparable levels with CON pigs. Meaning, pigs on ZNO diet had inflammation in their 

jejunum, which tends to resolve in the ileum or alternatively suggests the active sites 

of these dietary supplements in the gut (ZNO; ileum, RB2; jejunum and ileum). 

In addition, there was a noticeable increased jejunal and ileal IL1B mRNA levels with 

an increased red beetroot level to 4% (RB4 diet). Whereas IL1B expression in pigs fed 

RB2 diet was similar to CON (in the jejunum and ileum) and ZNO (ileum). Increased 

red beetroot supplementation to 4% (RB4) potentiated an increased expression of 

IL1B in the small intestine (jejunum and ileum), indicating RB4 diet may initiate gut 

inflammation. Comparable IL10 and IL2 mRNA levels across the diet groups signals 

an adequate immune response commensurate to curtail the severity of an ongoing 

inflammation.  

Faecal calprotectin (CP) is a promising biomarker of intestinal inflammation observed 

with significant correlation with the severity of inflammation (Niewold, 2015; Jukic et 
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al., 2021). In the gut, calprotectin contributes to mucosal injury and inflammation hence 

strongly elevated faecal calprotectin occur in gut bacterial infections, gastrointestinal 

diseases, oxidative stress and drug induced enteropathies (Vavricka et al., 2018; 

Fukunaga et al., 2018). It has been utilised in monitoring Crohn’s disease and patient 

with responding or relapsed IBD, hence a reliable marker for disease activity. Only few 

studies in pigs have measured faecal calprotectin as a marker for gut health or 

inflammation, and most studies in pigs utilised animals challenges with enterotoxigenic 

E. coli (Barbosa et al., 2021). However, Xiao et al. (2014) reported increased 

expression of calprotectin to dietary interventions in a study involving the dietary 

supplementation of piglet feed with chitosan. Decrease faecal CP levels by any diet 

indicates inhibition of inflammation and a reduced diarrhoea propensity. Current 

findings depict a potential of gut inflammation in RB4 fed pigs, with higher faecal 

calprotectin than ZNO pigs, while RB2 and CON were intermediary. 

Gut inflammation also initiates the secretion of antimicrobial peptides (e.g., REG 3G). 

Muniz et al. (2012) and Sun et al. (2021), described the importance of REG 3G 

secretion in the gut towards attaining immunity. During inflammation, immune cells are 

activated, and antimicrobial peptides (AMPs) are secreted to eliminate microbes in the 

GIT, maintain gut immunity and homeostasis (Niyonsaba et al., 2009; Muniz et al., 

2012). Similarly, CCL20 has been reported to possess strong bactericidal activity with 

greater potency than human β-defensins (Hoover et al., 2002), but REG 3G are 

secreted by Paneth cells and are highly expressed during Salmonella infection (Cash, 

2006; Godinez et al., 2009; Vaishnava et al., 2011). Mucins (e.g., MUC2, MUC4) are 

produced by the enterocytes (goblet cells) to prevent bacterial adhesion to the 

intestinal epithelium and translocation (Liu et al., 2020), while MUC4 are continuously 

expressed in the transmembrane (Johansson and Hansson, 2016). Animals deficient 

in MUC2 are devoid of intestinal mucus and are said to develop inflammation with 

diarrhoea and increased bacterial translocation (Burger-van Paassen et al., 2009; Kim 

and Ho, 2010). Hence, mucins play essential roles of gut protection, maintenance of 

intestinal homeostasis, epithelial barrier stability and adhering antimicrobial peptides 

to the gut epithelium (Johansson et al., 2011; Vallance et al., 2013; Zarepour et al., 

2013). 
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Here, the diets did not influence expression of the antimicrobial peptides (CCL20, REG 

3G) and mucus genes (MUC2, MUC4) examined. Perhaps, the experimental diets 

preserved the gut homeostasis despite ongoing gastrointestinal immunological 

changes. Burger-van Paassen et al. (2012) in their study revealed that the expression 

of REG 3G can be influenced by the levels of MUC2. Correspondingly, the pigs had 

similar abundance of mucin degrading bacteria species; Akkermansia muciniphila in 

the caecum. This may inform the cause of the comparable mucin expression levels 

observed.  

Xu et al. (2021), reported an increased SCFA (short chain fatty acids)- producing 

bacteria e.g., Prevotella copri and anti-inflammatory microorganism - Akkermansia 

muciniphila (Dalile et al., 2019; Kim et al., 2020) in pigs fed quercetin supplemented 

diet. In contrast, observations from the caecal microbiota in this study confirmed the 

presence of these species in similar abundance in all the experimental pigs. 

Akkermansia muciniphila has a niche for the intestinal mucus layer and believed to be 

crucial to maintaining the integrity of the intestinal epithelium (Everard et al., 2013). 

Although, there was an increased caecal abundance of the anti-inflammatory bacteria 

species; Faecalibacterium prausnitzii in RB4 pigs when compared to ZNO, this could 

attest to the stride to alleviate gut inflammation, maintain gut immunity, homeostasis 

and health (Ferreira-Halder et al., 2017). The increased E. coli population in RB4 fed 

pigs supports our findings of a high Proteobacteria abundance and an increased 

abundance of opportunistic bacteria in the gut microbiome of pigs fed this diet (Chapter 

2).  

One of the leading causes of weaning induced GIT dysfunctionality is the breakdown 

in intestinal integrity, permeability and barrier function sequel to gut inflammation. 

Uncontrolled synthesis of pro-inflammatory cytokines has a negative impact on the gut 

integrity and barrier function (Al-Sadi and Ma, 2007; Beaurepaire et al., 2009). 

Importantly, the role of fatty acid binding proteins (FABP2, FABP6) in rebuilding the 

gut integrity and maintenance of intestinal permeability have been demonstrated in 

past studies (Berkeveld et al., 2008; Schroyen et al., 2012). FABPs expression is a 

sensitive biomarker for deciding the relative amount of the intestinal epithelium and 

GIT functionality during the post-weaning phase.  
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Tight junction proteins are present in the para-cellular space of the gut where they 

mediate cell-cell communication, control adherence to the intestinal epithelial layer, 

and regulate the flow of water ions and electrolytes in and out of the gut lumen and 

mucosal tissues. Therefore, they are responsible for maintaining the intestinal integrity 

and barrier function (Godinez et al., 2009; Ulluwishewa et al., 2011; Wells et al., 2017). 

Tight junction proteins are regulated by SCFAs and are reportedly sensitive to 

changes in diet, pathogen invasion, antibiotics and gut inflammation, which tend to 

modify, stabilised or disrupt them (; Zhang and Guo, 2009; Yin et al., 2019). 

 This study assessed dietary effects on intestinal permeability and integrity by 

quantifying the expression of fatty acid binding proteins (FABPs), tight junction 

proteins (TJs) in intestinal tissues and gut-systemic L-lactate levels. There was an 

increased expression of FABPs in the jejunum of ZNO pigs and reduced Occludin 

(OCLN) in RB4 pigs, a response to increased inflammatory cytokines (RB4; IL1B, 

ZNO; IL1B, TNF, IFNG) in the jejunum of pigs in these groups. Al-Sadi and Ma (2007) 

also reported a decrease Occludin mRNA level but an increased in IL1B. An increased 

ileal FABP6 expression in RB pigs suggests the likelihood of inflammation in the 

jejunum of ZNO pigs and ileum of RB pigs. More so, a strong positive correlation 

between the jejunal expression of FABPs (FABP2 and FABP6), TJs (ZO1) and the 

inflammatory cytokines (IFNG, TNF) depicts inflammation was more pronounced in 

the jejunum than ileum.  

The disruptive properties of TNF and IFNG on the tight junction barrier have been 

established and reported in past studies (Al-Sadi et al., 2009; Boivin et al., 2009; 

Kaminsky et al., 2021). Correlations between the ileal FABPs and TJs (ZO1) mRNA 

levels suggest a compensatory response to alleviate the ongoing inflammation and 

further prevent deterioration of the gut barrier function. Obviously, the dietary 

supplements evaluated differ in their mechanism of action. ZNO diet increased FABPs, 

CLDN3 and maintained OCLN expression levels, which is similar to report by Zhang, 

B. and Guo (2009). RB diets (notably RB2), increased FABP6 and ZO1, while FABP2 

and OCLN expression levels were maintained. This is the first report evaluating the 

effect of red beetroot supplement on gastrointestinal functionality of weaned pigs. 

Outcomes from this study resonates with previous reports of close associations 
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between the intestinal permeability and ZO1 (Zhang and Guo, 2009) or OCLN levels 

(Bruewer et al., 2003; Farhadi et al., 2003; Moeser et al., 2007; Al-Sadi et al., 2011).  

L-lactate is not a direct biomarker of intestinal function, but the gut-systemic L-lactate 

levels can determine the gut barrier function. L-lactate is most abundant in the blood 

compared to D-lactate, hence, physiologically more significant. It is a product of 

bacterial (e.g., Lactobacillus spp.) fermentation of carbohydrate substrate in the gut 

(Duncan et al., 2004). However, a high plasma L-lactate concentration indicates an 

increased intestinal permeability, (upshot of intestinal barrier failure) that allows 

seepage of lactate from the gut into the blood stream (Kurundkar et al., 2010; Gilani 

et al., 2016). In a study carried out by Pinedo-Gil et al. (2018), measuring fish plasma 

lactate after diet containing red beet and betaine, no improvement in systemic 

response to stress was observed. Similarly, plasma L-lactate levels observed in this 

present study rules out a systemic stress from weaning. However, increased ilea L-

lactate in CON and RB4 pigs confirm the earlier inference of increased lactic acid 

producing bacteria abundance (lactate production) with strong links to microbiota shift 

of increased phylum Actinobacteriota and Proteobacteria respectively.  

3.7 Conclusion 

At weaning, the normal gut morphology, integrity and barrier function is disrupted, 

leading to a decline in gastrointestinal functionality and performance of weaned pigs. 

Supplementation of weaned pig diet do not only modulate the gut microbiota, but 

enhances its ability to function effectively. In this study, the experimental diets 

maintained the gut morphology; however, pigs fed diet RB4 exhibited tendency of a 

decreased GIT functionality. Pigs in this group had shorter villi, crypt depth, increased 

L-lactate levels, genes encoding for inflammation and caecal E. coli population. 

Whereas pigs fed ZNO and RB2 diet, reduced caecal E. coli proliferation, alleviated 

gut inflammation, preventing damage to gut permeability and functionality. These diets 

presented superior benefits over CON in enhancing beneficial caecal microbiota, gut 

permeability and functionality. Put together, red beetroot supplementation at 2% (RB2) 

presents promising gut health benefits with potentials to replace ZnO in weaned pig 

diet. 
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 : Effect of red beet supplementation on antioxidant and 

inflammatory markers in weaned pigs 

 

4.1 Abstract 

This study evaluated the anti-inflammatory and antioxidative response of weaned pigs 

to red beetroot supplemented diets. After a 14-day feeding trial in which pigs were fed 

one of four diets comprising a control diet (CON), diet supplemented with zinc oxide 

(3000 mg/kg - ZNO) and diet supplemented with red beetroot (RB) at 2% (RB2) and 

4% (RB4). Blood samples and liver tissue were collected for evaluations of systemic 

and hepatic biomarkers of oxidative stress and antioxidant defence enzyme activity. 

Results highlight probable hepatotoxicity risk in pigs fed pharmacological dose of zinc 

oxide (ZNO diet) due to hepatic oxidative stress from malondialdehyde (MDA) levels, 

reduced catalase activity and depleted glutathione, compared to the CON. All the pigs 

had comparable plasma reducing and radical scavenging ability, but hepatic reducing 

ability of ZNO pigs was 2-fold higher (P < 0.05) than other pigs. Hepatic expression of 

antioxidant genes (GPX1a, SOD, CAT and GCLC) was not impaired by the dietary 

supplements; zinc oxide, 2% and 4% red beetroot. However, red beetroot 

supplementation of weaned pig diet at 4% presented inflammation with increased 

serum IL1B, downregulated HMOX1 expression, and a waning antioxidant defence. 

RB2 diet showed hepatoprotective ability by maintaining hepatic antioxidant enzyme 

(CAT, SOD) activity and glutathione levels, while systemic antioxidant enzyme activity 

(CAT and SOD) increased. The anti-inflammatory and antioxidative status of pigs fed 

red beetroot supplemented diet was linked to the bioavailable betalains compounds, 

especially betanidin observed in the serum and liver. Nonetheless, the synergistic 

effect of other bioactive compounds and their metabolites cannot be excluded from 

the responses observed. Therefore, weaned pig diet supplemented with 2% red 

beetroot (RB2) improved anti-inflammatory and antioxidative response, thus a 

potential for application in the pursuit of zero zinc oxide in pig production. Future 

research investigating the impact of pure bioactives compounds and betalains from 

red beetroot on weaned pigs are warranted. 
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4.2 Introduction  

As pig production moves to the era of zero zinc oxide in weaned pig diet, focus on 

dietary supplementation with plants rich in bioactive compounds appear promising. At 

weaning, young pigs combat different kinds of stress ranging from dietary to 

environmental, physiological, and biochemical that affect the normal function of the 

body (Pluske et al., 1997; Van der Meulen et al., 2010). During this period, pigs face 

multiple changes in the gastrointestinal tract and immune system that can result in 

oxidative stress.  Several factors cause oxidative stress at weaning, one of which is 

dietary stress from poor quality diet and an immature GIT (Wijtten et al., 2011; Kick et 

al., 2012). Weaning induced GIT changes results in gut dysbiosis and inflammation, 

triggering the activation of cytokines and production of reactive oxygen species (ROS) 

(Amarakoon, 2017). 

Gut inflammatory response produces reactive species such as nitric oxide (NO) with 

antimicrobial properties (Bäumler and Sperandio, 2016), thus ROS production is an 

immune response to antigen/pathogenic invasion. However, continuous exposure of 

weaned pigs to exogenous and endogenous stressors increases the production of 

oxidants (e.g., superoxide - O2
•-, hydrogen peroxide – H2O2, hydroxyl radical – •OH) 

that sets the system off balance resulting in oxidative stress (Rahal et al., 2014; Reuter 

et al., 2010; Pi et al., 2010). Oxidative stress occurs from disruption of the critical 

balance between oxidants and antioxidants (e.g., superoxide dismutase - SOD, 

glutathione peroxidase - GPx, glutathione - GSH, catalase - CAT), usually due to 

depletion of antioxidants from excess ROS or increase toxins or injury to the system. 

Oxidative stress is therefore characterised by excess free radicals (ROS) and 

insufficient protection by antioxidants (Sies et al., 2017; Flohé, 2020;).   

Although the relationship between antioxidant status and post weaning stress/ 

diarrhoea of pigs is still poorly understood, Zhu et al. (2012) demonstrated weaning 

induced oxidative stress by increased plasma malondialdehyde levels in weaned pigs.  

Spees et al. (2013) also reported increased concentration of ROS in the intestine with 

increased E. coli population 7 days post weaning. Yin et al. (2014) observed increased 

lipid peroxidation a mark of oxidative stress in pigs three days post weaning and 

recovery by upregulation of antioxidant genes and proteins (e.g., GPx4, Uncoupling 

protein 2 – Ucp2, Nuclear factor erythroid 2-related – Nfr2r).  
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The role of weaning and post weaning diarrhoea in causing oxidative stress may be 

variable, due to host response in ensuring homeostasis, and a balance between 

oxidising reactive oxygen species (ROS) and the antioxidant defence system. In 

extreme cases however, the host may be overwhelmed by continued assault to the 

system leading to irreparable oxidative injury, liver damage and cell death (Yin et al., 

2013). In which case, weaned pigs show reduction in growth, anorexia from dietary 

stress, inflammation, immune break down and leaky gut syndrome (diarrhoea) from 

an impaired intestinal barrier function (Wei et al., 2017; Amarakoon, 2017). 

The most viable way to alleviate post weaning oxidative stress is to prevent nutritional 

stress by providing weaned pigs with high quality feed containing antioxidants. 

Antioxidant rich fruits, vegetable or their wastes are essential for the reduction of 

oxidative stress in immune cells (Víctor et al., 2002). Plants polyphenols (e.g., 

resveratrol, catechin, quercetin, and curcumin) are exogenous sources of dietary 

antioxidants with the ability prevent oxidative stress (Menon and Sudheer, 2007; 

Landete, 2013). Additionally, polyphenols may enhance the antioxidant defence 

system by scavenging for free radicals and upregulate anti-inflammatory action 

(Kumar and Pandey, 2013; Alkadi, 2020), consequently, systemic/gut inflammation 

can be prevented, and animal health improved. 

Red beetroot (RB) contains important bioactive compounds (e.g., betalains and 

polyphenols, ascorbic acid, carotenoids, phenolic acids) with proven health benefits 

(e.g., antioxidative, anti-inflammatory, antimicrobial and hepatoprotective) (Lee et al., 

2005; Georgiev et al., 2010; Kumar and Brooks, 2018; Masih et al., 2019). RB has 

been highlighted as a resource for development of dietary supplements and 

nutraceuticals for health conditions emanating from inflammation and oxidative stress 

(Ninfali and Angelino, 2013; Chhikara et al., 2019). It has high mineral content 

(calcium, potassium, sodium, phosphorus, chloride) and trace elements (Iron, zinc, 

iodine, selenium, copper, manganese) that mediate the hepatic expression of 

antioxidant enzyme genes (SOD, GPx), responsible for the reduction of oxidants 

(Kujala et al., 2001).  

Notably, red beetroot is the main source of betalains, which comprise cationized 

antioxidants e.g., betanin (betanidin 5- 0- betaglucoside), reported to inhibit lipid 

peroxidation and heme decomposition at low concentrations (Kanner et al., 2001; 
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Lichtenthäler and Marx, 2005). Fernando et al. (2022) observed increased radical 

scavenging activity of betanin, compared to other betalains (Neobetanin, 

indicaxanthin, vulgaxanthin1) at 25 µg/mL. Also, many scientific literature have 

demonstrated in vitro and in vivo benefits of different forms of red beetroot product 

(crisped, pulverized, beet juice, beet waste, cooked etc.) and betalain compounds in 

animal species and humans (Gandía-Herrero et al., 2016; da Silva et al., 2019; Wang 

et al., 2022), but data on effect of red beetroot in weaned pigs is grossly deficient. 

 Meanwhile, betalains have demonstrated stronger radical scavenging properties 

compared to other known antioxidants (e.g. ascorbic acid, tocopherols and rutin) 

(Gliszczyńska-Świgło et al., 2006; Swarna et al., 2013). There is evidence suggesting 

higher antioxidant activity in degraded betalains such as neobetanin and betanidin 

(Wootton-Beard et al., 2011; Mikołajczyk-Bator and Czapski, 2018). Also, a possible 

synergistic effect between polyphenols, betalains, their metabolites and other 

compounds in red beetroot contributing to the overall antioxidant effect or health 

benefits observed (Georgiev et al., 2010; Fernando et al., 2022). This study therefore 

explored the impact of red beetroot in alleviating weaning induced oxidative stress and 

inflammation. The presence of systemic inflammation and lipid peroxidation as 

measures of oxidative stress was established, then systemic and hepatic antioxidant 

defence responses of pigs fed the different diets was evaluated.  

4.3 Materials and methods 

4.3.1 Materials  

Solvents used for this study; (methanol and formic acid (UHPLC-MS grade), butanol 

and dimethyl sulfoxide (DMSO) were purchased from Fischer scientific 

(Loughborough, UK). The chemicals; ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-

carboxylic acid (Trolox), 2,2´-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) di-

ammonium salt (ABTS), potassium peroxodisulfate, sodium acetate-trihydrate, 

Trichloroacetic acid, (TCA), 1,1,3, 3-tetramethoxypropane (TEP), Thiobarbituric acid 

(TBA), butylated hydroxytoluene (BHT), sodium dodecylsulfate salt (SDS), Iron-(Miller 

III et al.)-chloride-hexahydrate, 2, 4, 6-tri (2-pyridyl)-s-triazine, 5, 5ˊ-Dithiobis (2-

nitrobenzoic acid) (DTNB), 5-sulfosalicylic acid (SSA), nicotinamide adenine 

dinucleotide phosphate (NADPH), sodium dihydrogen phosphate monohydrate and 



 
 
 

107 
  

disodium hydrogen phosphate dehydrate) were all purchased from Sigma - Aldrich 

(Dorset, UK). The cytokine and chemokine 9-plex porcine ELISA kit (ProcartaPlex™ 

Panel 1) was obtained from Thermofisher scientific, (Loughborough, UK). Superoxide 

dismutase activity kit and SOD from bovine erythrocytes (≥ 3000 units/mg protein) 

were purchased from Sigma-Aldrich (Dorset, UK). Catalase enzyme kit was purchased 

from Cambridge Bioscience Ltd (Cambridge UK). All aqueous solutions were prepared 

using deionized water purified by Milli-Q water (Millipore, Gillingham, UK). 

4.3.2 Methods   

4.3.2.1 Experimental animals, sample collection and processing  

The animal feeding trial is as described in chapter two (see section 2.3.2.2), thirty-

eight pigs were sampled at the end of the feeding trial. Blood (10 mL) was collected 

from the jugular vein of each pig into labelled heparinized and plain tubes for plasma 

and serum respectively. The pig liver was removed, cut into small piece (3.0 - 5.0 cm) 

and stored in 5.0 mL RNAlater, another piece (10 - 20 g) was wrapped in a foil and 

immediately snapped frozen. All samples were stored at -80°C until further analyses.  

For the serum, blood sample collected into plain tube was left to clot at room 

temperature (25°C) for 20 to 30 min, centrifuged at 4°C, 1,500 x g for 15 min. The 

supernatant was collected into sterile tubes and immediately snap frozen. Plasma was 

derived, after blood in heparinized tubes was centrifuged at 2,000 x g, 4°C for 10 min, 

the supernatant was collected into sterile tubes and snap frozen. Frozen pig liver 

sample (1.0 g) was homogenised in 9.0 mL ice-cold buffer (100 mM Tris-HCl, pH 7.2) 

using a tissue grinder (VWR, UK), then centrifuged at 12,000 x g for 10 min at 4°C. 

The supernatant was collected and aliquoted into 2 mL Eppendorf tubes then stored 

at -80°C until analysed.  

Protein in the serum, plasma and liver samples was quantified using the BCA protein 

assay (Pierce™ kit, Thermofisher scientific) based on Bicinchoninic acid colorimetric 

method, with bovine serum albumin (BSA) (20 - 2000 µg/mL) as standard. Samples 

were diluted in phosphate buffered saline (PBS; 1:20 v/v), to ensure readings were 

within the standard curve and transferred to a 96 well plate in duplicate (2 x 10 µL). 

The assay was performed by adding 200 µL working reagent to each well, incubated 

at 37°C for 30 min and absorbance determined at 570 nm on a microplate reader 
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(Tecan Spark 10 M). Serum and liver protein were expressed in mg/mL and mg/g, 

respectively. 

4.3.2.2 Evaluation of circulating systemic inflammatory markers  

Circulating inflammatory cytokines (Interleukins (IL) 1B, IL4, IL6, IL8, IL10, IL12p40, 

interferon alpha (IFNA), IFNG, and TNF) was determined in serum samples with a 

porcine cytokine and chemokine multiplex panel (Procartal 9-plex panel, Thermofisher 

scientific) applying the Luminex xMAP technology. Serum samples were analysed at 

the Clinical histopathology unit of the Leeds Institute of Cancer and Pathology, St 

James’ University Hospital, Leeds, UK. Data was analysed with Bio-Plex TM manager 

using a four-parameter logistic (4PL) algorithm to determine best curve fit.  

4.3.2.3 Betalain extraction and quantification in feed and pig samples   

Betalains in feed samples, serum and liver homogenate were extracted using method 

described in (Sawicki et al., 2016) with slight modifications. Briefly, 0.2 g of feed 

sample (in triplicate) was mixed with 3 mL of extraction solvent (water/methanol/formic 

acid; 84.95/15/0.05, v/v/v) for 90 sec by continuous vortexing. The mixture was 

sonicated in a water bath (Grant Instruments, UK), for 10 min at 5.0 ± 3°C and 

centrifuged at 3200 × g, at 5°C for 10 min. The supernatant was separated into a tube 

and extraction repeated on the residue to ensure maximum betalain extraction. 

Combined supernatant from the extractions were vortexed and stored at -20°C until 

further analysis.  

For serum and liver homogenates, betalain was extracted using solid phase extraction 

(SPE) method, with 33 µm, 200 mg/6 mL Strata-X polymeric reversed phase column 

(Phenomenex, Torrance, USA). The cartridges were conditioned with 4 mL methanol 

and equilibrated with 4 mL distilled water, then 800 μL of sample (serum and liver 

homogenate) was passed through the cartridge. Next, the cartridge was washed with 

1 mL of water and betalain was eluted with 1.4 mL of methanol. Eluents were 

evaporated on a rotary evaporator (Genevac EZ-2 Series, Ipswich, UK), freeze dried 

for 12 hr (Freeze dryer, Labconco, USA) and re-suspended in 60 μL of water. The 

solution was, centrifuged at 21,000 x g, 4°C for 15 min, 30 μL of the supernatant was 

collected for injection into Ultra-high-performance LC (UHPLC-MS). 
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Betalain compounds in samples were identified and quantified on UHPLC-MS, a 

Thermo-Vanquish UHPLC coupled with a triple-stage quadrupole (TSQ Quantiva) 

mass spectrophotometer and electrospray ionization (ESI-MS) source (Thermo 

Scientific, Cambridge, UK). HPLC separation was by Kinetex XB-C18 column (100 

mm × 2.1 mm, 2.6 μm) at 40°C. The mobile phase A and B consist of 2% (v/v) formic 

acid in water and UHPLC-MS grade methanol respectively, delivered at a constant 

flow rate of 0.2 mL/min. The gradient programme involved a proportional increase in 

solvent B from 5% to 25% for (0 - 5 min), 25% - 95% (5 -10 min), sustained at this 

gradient for 10 - 20 min before declining to 5% (20 - 32 min).  Betalain detection was 

at 536 nm and 486 nm wavelength for betacyanins and betaxanthins respectively with 

molecular weight monitoring by ESI-MS (in the positive ion mode). Betalain 

identification was by comparing the retention time and m/z [M + H] + values (see Table 

4.3) reported in previous research (Sawicki et al., 2020; Nemzer et al., 2011). 

Compounds were quantified using standard curve with concentration ranged 0.5 - 100 

µM, prepared from purified betalains.  

4.3.2.4 Evaluation of oxidative stress; Thiobarbituric acid reactive substances 

(TBARS) assay  

TBARS assay determines the presence of lipid peroxidation a biomarker of oxidative 

stress. The assay measures the generation of an advanced product of lipid 

degradation under the influence of ROS and Thiobarbituric acid (TBA). A coloured 

product formed (malondialdehyde) is measured spectrophotometrically to determine 

the presence of oxidative stress (Ghani et al., 2017). Oxidative stress in the weaned 

pigs was determined by measuring malondialdehyde (MDA) levels in plasma and liver 

samples. 

 Plasma and liver sample aliquots (200 µL; 1:5 dilution for liver samples) were 

deproteinated by mixing with an equal volume of trichloroacetic acid (TCA, 5%), 

vortexed and centrifuged at 12,000 x g for 5 min. The supernatant (200 µL) was 

collected into 2 mL safe seal tubes, to which 200 µL of 2-thiobarbituric acid (1% TBA) 

and 20 µL of sodium dodecylsulfate and butylated hydroxytoluene (0.5% SDS-BHT) 

solution were added, mixed and incubated for 15 min in a water bath (100°C). The 

mixture was cooled on ice and butanol (99%; 1 mL) added to extract the trimethine 

dye. The mixture was vortexed for 30 sec, centrifuged at 12,000 x g, 4°C for 5 min, 
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then (200 µL) supernatant was transferred into a 96-well plate in duplicates. 

Fluorescence was measured on a microplate reader at an excitation/emission 

wavelength of 540/590nm and optimal gain (Yoshino et al., 2012; Weiss and 

Deutschman, 2014). MDA concentration in samples was calculated using 1, 1, 3, 3-

tetramethoxypropane (0 - 2640 nM) as standard and expressed in nano-molar 

MDA/mg protein. 

4.3.2.5 Determination of antioxidant enzyme activity and glutathione 

concentration  

Antioxidant enzyme assays were conducted in duplicates using aliquots of plasma 

sample and liver homogenate. Superoxide dismutase (SOD; EC 1.15.1.1) and 

catalase (CAT; EC 1.11.1.6) activity was determined using commercial kit from Sigma-

Aldrich and (Cambridge Bioscience Ltd) respectively. Following the manufacture’s 

direction, SOD activity in plasma and liver was determined by adding 200 µL of 

working solution (WST- [2-(4-Iodophenyl) - 3-(4-nitrophenyl)-5-(2, 4-disulfophenyl) - 

2H-tetrazolium, monosodium salt]) and 20 µL of enzyme working solution (xanthine 

oxidase) to (20 µL) sample. The mixture was incubated at 37°C for 30 min. SOD 

activity was measured at 450 nm from the rate of decreased in colour intensity of the 

product formed after reaction of tetrazolium salt with superoxide anion present in the 

sample (Yusuf et al., 2012; More and Makola, 2020). SOD from bovine erythrocytes 

with concentration ranged 0.001 - 200 U/mL was used as standard, a curve of 

concentration and inhibition rate was fitted with four parameter logistic (4PL) method 

using an online data analytical tool (MyAssays).  

Catalase (CAT) is an antioxidant enzyme responsible for the detoxification of hydrogen 

peroxide (H2O2; a toxic product of aerobic metabolism and pathogenic ROS 

production) to water and oxygen (catalytic activity).  The assay employs the peroxidatic 

function (ability to serve as electron donors; equation 4.1) of CAT to determine the 

enzyme activity, based on the reaction of the enzyme with methanol in the presence 

of an optimal concentration of hydrogen peroxide to produce formaldehyde. The 

formaldehyde formed is measured colorimetrically after reaction with a chromogen 

(amino-3-hydrazino-5-mercapto-1, 2, 4-triazole) to form a purple-coloured oxidised 

heterocyclic aldehyde (Wheeler et al. 1990; Vives‐Bauza et al. 2007)  
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(𝐶𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦)        H2O2   
𝑪𝒂𝒕𝒂𝒍𝒂𝒔𝒆
→             O2 + 2H2O2 

 (𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑐  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦)        H2O2  + AH2  
𝑪𝒂𝒕𝒂𝒍𝒂𝒔𝒆
→             A+ 2H2     Equation: 4.1 

A Cayman catalase assay kit (Cambridge, UK.) was used according the manufacture’s 

direction (Wiecek et al., 2018; Cong et al., 2021). The reaction involved the addition 

of 100 µL of diluted (1:20) assay buffer, 20 µL sample, standard or positive control and 

30 µL methanol to 96-well plate in duplicates. The reaction was initiated by adding an 

optimal concentration of H2O2, (20 µL, 8.82 M) at a precise time. The plate was 

covered and incubated on a shaker for 20 min at Rt. Then 30 µL potassium hydroxide 

was added to each well to terminate the reaction followed by 30 µL of the chromogen. 

The plate was again incubated for 10 min, then 10 µL potassium periodate was added 

to each well and incubated for 5 min at Rt. Finally, the absorbance was measured at 

540 nm using a plate reader (Tecan Spark 10M), then blank corrected and the average 

absorbance of each standard and sample was calculated. CAT activity was calculated 

(nmol/min/mL) from a standard plot of formaldehyde concentration and absorbance. 

Standard formaldehyde concentration ranged 0 - 100 µM was prepared and bovine 

liver catalase was used as control. 

Glutathione is an endogenously produced antioxidant capable of preventing damage 

caused by reactive oxidative species (ROS). It is involved in the detoxification of 

xenobiotic, removal of hydroperoxide and maintenance of oxidation state.  Glutathione 

occurs mainly in a reduced (GSH; about 90 - 95% of the total glutathione) or oxidised 

state (GSSG; > 10%). It is a sensitive indicator of the ability of an organism to resist 

toxic challenge and overall health of the cell. The glutathione assay measures total 

glutathione (GSSG+GSH) in a biological sample, based on a catalytic action by GSH 

or GSSG in the reduction of Ellman’s reagent (DTNB) in the presence of nicotinamide 

adenine dinucleotide phosphate (NADPH; 0.16 mg/mL) and glutathione reductase. 

The catalytic action of glutathione in the system is dependent on the continual 

enzymatic generation of GSH present or formed from GSSG (Tietze, 1969; Pastore et 

al., 2001).  
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The reagents were prepared as specified following procedures described for 

glutathione assay in (Akerboom and Sies, 1981; Nair et al., 1991). To prepare the 

sample for the assay, (0.3 mL) of sample was mixed with equal volume of 5-

sulfosalicylic acid solution (SSA; 5%, 0.3 mL), incubated at 4°C for 10 min then 

centrifuged (10,000 x g for 10 min) to remove the precipitated protein. Potassium 

phosphate buffer (100mM, pH 7.0 with 1mM EDTA) was used as assay buffer while 

the working reagent was made from equal volume of 5,5-dithio-bis-(2-nitrobenzoic 

acid) (DTNB; 228 µL; 1.5mg/mL) and glutathione reductase (228 µL; 6U/mL) diluted 

in 8 mL of assay buffer.  

The reaction involved pipetting 10 µL of SSA (reagent blank), standard and sample 

into a 96 well plate in duplicates. Then, 150 µL of the working reagent was added to 

the mixture and incubated on plate rocker (Stuart scientific, UK) for 5 min at Rt. 

Following this, 50 µL of NADPH solution was added, mixed and absorbance was 

measured at 412 nm with kinetic read every 15 sec up to 60 sec, values from the 

glutathione standard solutions were used to determine the standard curve and the 

change in absorbance per min (∆A412/min) was determined equivalent to 1nmole of 

reduced glutathione per well. 

4.3.2.6 Systemic and hepatic total antioxidant capacity (FRAP and TEAC 

assays) 

The antioxidant capacity of serum, plasma and liver homogenates was analysed using 

the FRAP and TEAC method as described in (Han et al., 2021). The ferric reducing 

antioxidant power (FRAP) assay is based on the antioxidants in samples acting as a 

reductant (reducing agent), thus converting ferric (Fe3+) to ferrous (Fe2+) by reaction 

with a chelating agent (2,4,6-tris (2-pryridyl)-s-triazine; TPTZ) to form an iron complex 

Fe2+-TPTZ (blue coloured compound) at pH 3.6. The increase in absorption of the 

compound formed at 593 nm is proportional to the antioxidant capacity of the sample, 

expressed as equivalent to a standard antioxidant (Apak, 2019). The ferric reducing 

antioxidant power (FRAP) reagent was prepared from 30 mM sodium acetate buffer 

(pH3.6), 20 mM Iron III chloride-hexahydrate and 10 mM 2,4,6-tris (2-pryridyl)-s-

triazine (TPTZ), mixed in the ratio (10:1:1; v/v/v). The reducing capacity of the sample 

(10 µL) was determined by mixing with the FRAP reagent (300 µL). Samples were 
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incubated in the dark at 37°C for 15 min and absorbance read at 593 nm on a plate 

reader.  

The Trolox equivalent antioxidant capacity (TEAC) or ABTS assay assess the capacity 

of a compound to scavenge 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic (ABTS) 

radicals. The antioxidant capacity of a sample is thus determined by its ability to 

diminish the colour intensity after reaction with ABTS• + radical. The reaction is time-

dependent, and the blue-green radical is measured with a spectrophotometer at a 

range of 690 - 734 nm. The rate at which the colour intensity of the radical decreases 

(quenched) is proportional to the concentration of the antioxidant in the sample (Arts 

et al., 2004; van den Berg et al., 1999).  

The assay was conducted as described in (Re et al., 1999), the radical cation (ABTS+) 

was prepared by mixing 14 mM of 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic) 

ABTS® with 4.9 mM potassium peroxodisulfate in ratio (1:1; v/v). The mixture was 

allowed to stand in the dark at room temperature for 12 to 24 hr for complete 

interaction. Then, the ABTS+ working solution was prepared by dilution of the stock in 

distilled water until an initial absorption of 0.700 ± 0.020 was reached at 732 nm. The 

antioxidant capacity of sample (10 µL) was measured by adding (300 µL) ABTS+ 

working solution in a 96 well plate. The plate was incubated in the dark for 6 min at Rt 

and absorbance read at 734 nm on a microplate reader. Trolox was used as standard 

for both assays in concentrations ranged 0 to 1.0 mM, prepared in ethanol-water 

mixture (75:25; v/v). Results were expressed in µg Trolox equivalent (TE)/mg protein 

in the sample. 

4.3.2.7 Hepatic antioxidant gene expression analyses  

The influence of diets on the expression of antioxidant genes in the liver was analysed 

using a quantitative polymerase chain reaction (qPCR). Selected antioxidant genes 

used are presented in table 4.1, primer sequences for the genes were designed and 

blasted using NCBI primer-BLAST tool (Ye et al., 2012), setting the template for 

effective primer design of an average melting temperature of 60°C, GC content 

between 40-60% and maximum, 18 - 24 bases. Primer efficiency and amplification 

linearity was verified for the selected and housekeeper genes and PCR product sizes 

were confirmed by 2% agarose gel electrophoresis (Figure 6.9) before quantification 
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in samples. RNA isolation, cDNA synthesis and qPCR were conducted as described 

in Chapter 3; sections 3.3.2.5.1 and 3.3.2.5.2). Total RNA was isolated from pig 

samples stored in RNAlater, after thawing the samples on ice, 50 mg liver tissue was 

placed in 1 mL TRIsure reagent (Bioline Ltd, UK). The complementary DNA (cDNA) 

was diluted 1:20 before qPCR run and the programme for amplification was as 

described previously. Hepatic antioxidant gene transcription levels were calculated 

using (2-∆∆CT) method by Livak and Schmittgen (2001), normalized with β-actin 

(housekeeper gene).  

4.4 Statistical analyses 

Data was presented as mean ± SE (Standard error), checked for normality using 

Shapiro-Wilk test and square root transformed where necessary to ensure normal 

distribution before further analyses. Statistical analysis was performed by one-way 

ANOVA, using the general linear model in SPSS (v. 26.0). Differences in antioxidant 

capacities and enzyme activities between the diet groups was determined by Tukey’s 

honest significant difference (HSD) post hoc test, then unpaired t-test was used for 

pairwise comparison between two diet groups (e.g., CON vs RB2, ZNO vs RB2). 

Differences in the concentration of each betalain compound was evaluated using 

Tukey’s multiple comparison test in Graph Pad prism (v.9.4.1). An unpaired t-test with 

Welch's correction was used to compare the betalains concentration between RB2 

and RB4 diet. Pearson’s correlation analysis was conducted to determine the 

relationship between betalain composition in liver samples, antioxidant capacity, 

enzymes activity and target genes. Differences between groups were considered 

significant at P ≤ 0.05 level, results were presented in tables and graphs (Excel 2016; 

Graph Pad prism v.9.4.1). 
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Table 4.1: Antioxidant biomarker gene primer sequences 

Genes Forward primer (5´ to 3´) 
Reverse primer (5´ to 3´) 
 

Size (bp) Accession 
number 

Reference gene  

ACTB 
 

GTCACCAACTGGGACGACAT 
GTACATGGCTGGGGTGTTGA 

174 XM_021086047.1 
 

Antioxidant biomarker genes 

CAT 
 

TGTGAACTGTCCCTTCCGTG 
TCCCCAGAATAGCGGGTACA 

162 XM_021081498.1 

GPX1a 
 

 GGTCTCCAGTGTGTCGCAAT 
 TCGATGGTCAGAAAGCGACG 

106 NM_214201.1 

GCLC GGCGACGAGGTGGAATACAT 
CTGGTCTCCAAAGGGTAGGA 

145 XM_021098555.1 

HMOX1 GCAGAGGGTCCTCGAAGAAG 
GTCACGGGAGTGGAGTCTTG 

165 NM_001004027.1 

SOD 
 

AGGGCACCATCTACTTCGAG 
GATCCTTTGGCCCACCATGT 

183 NM_001190422.1 

Catalase - (CAT); Glutathione Peroxidase – (GPX1a); Glutamate Cysteine Ligase Catalytic - (GCLC); Heme Oxygenase - 
(HMOX1); Superoxide Dismutase – (SOD). 

 

4.5 Results 

4.5.1 Betalains and related compounds in feed and biological samples  

The betalain content in the experimental diets was assessed alongside serum and 

liver samples. Betalains were not detected in CON and ZNO diet hence they were not 

included in the data analyses. As in Table 4.2, all the betalain compounds identified 

increased (by a 2 to 4-fold) in RB4 diet compared to RB2 diet as expected. Levels 

observed in biological samples from both diets were similar. Higher betanin and 

isobetanin concentrations were observed in the feed samples, while serum and RB2 

liver samples were high in betanidin. Decarboxylated derivatives of betanin and 

isobetanin were also present in the feed samples but not detected in the biological 

samples (serum and liver). Figure 4.1 summarises the percentage compositions of 

individual betalain compounds in the samples evaluated. 

Data showed higher concentration of betanin than isobetanin (P < 0.05) and other 

compounds (P < 0.001) in RB4 diet. Decarboxylated betalain compound 17-

decarboxy-betanin and 15-decarboxy-betanin were significantly different (P < 0.05) in 

diet RB2 and RB4.  
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Figure 4.1: Betalains and percentage composition observed  in feed, serum and liver of 

weaned pigs fed red beetroot supplemented diets. RB2 and RB4 represents 2% and 4% 

red beetroot supplemented weaned pig diets. 
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Table 4.2 Betalains compounds in red beetroot supplemented diets and biological samples of weaned pigs  

 

 

Betalain compounds 

 

 

m/z [M + H]+ 

Feed (nmol/g) Serum (µmol/mL) Liver (µmol/g) 

RB2 RB4 RB2 RB4 RB2 RB4 

Betanin 551 90.3±18.10 277.4± 79.43 3.3±1.17 5.7±1.14 30.6±10.49 37.8±15.92 

Isobetanin 551 53.5±11.02 154.1±47.64 2.1±0.77 2.5±0.40 ND ND 

17-decarboxy-betanin 507 4.1±1.31a 23.8±3.85b ND ND ND ND 

17-decarboxy-isobetanin 507 7.8±1.36 26.9±5.91 ND ND ND ND 

15-decarboxy-betanin 507 4.9±0.8a 19.7±3.64b ND ND ND ND 

17-decarboxy-neobetanin 505 2.6±0.58 7.1±2.78 ND ND ND ND 

15-decarboxy-neobetanin 505 1.7±0.26 5.4±1.93 ND ND ND ND 

Betanidin 389 ND ND 15.6±5.61 12.2±8.39 35.14±12.13 27.3±9.12 

Isobetanidin 389 ND ND 2.0±0.75 1.2±0.33 ND ND 

Total betalains  164.8±31.18 514.0±141.75 23.05±0.5 21.6±8.16 65.7±13.91 65.1±23.62 

Values expressed as mean ± SE. ND; not detected, means with different superscript are different (P < 0.05) for the sample type and the corresponding betalain compound. RB2 and RB4 represents; 
2% and 4% red beetroot supplemented weaned pig diets respectively. 
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Though, comparable levels of betalain compounds were identified in the serum and 

liver of RB pigs, betanidin and betanin levels were high in RB2 and RB4 pigs 

respectively.  

4.5.2 Systemic anti-inflammatory and oxidative response of weaned pigs  

There was much variability in the serum cytokine levels measured in the pigs, 

individual pig cytokine levels are shown in Figure 4.2, while the diet group average is 

presented in Table 4.3. Notably, a few pigs, representative from each diet group 

showed high circulating serum IL10, IL1B, IL4, IL6 and TNF levels. However, all the 

pigs were represented in the serum IFNA and IL12p40 levels observed. On average, 

pigs in RB4 group showed higher serum IL1B levels compared to CON (P < 0.01) and 

RB2 (P < 0.05) pigs (RB4 > RB2 > CON) respectively, levels in ZNO pigs were 

intermediate. There was also a significant increase in the circulating IFNA in RB2 pigs 

compared to pigs on other diets. Though, RB pigs had high average IL6, IL8, IL10, 

IL12p40 and TNF levels, they were similar to levels detected in CON and ZNO pigs. 

IL12p40 level was significantly higher than other cytokines (P < 0.01) assessed, while 

IFNG was not detected in any of the samples.  

Table 4.3: Systemic inflammatory cytokines (pg/mL) of weaned pigs  

 CON ZNO RB2 RB4 P value 

Cytokines      

IFNA 1.21±0.47b 2.14±1.13b 7.76±2.10a 2.96±1.06b 0.02 

IL1B 0.09±0.09b 49.95±49.95ab 3.44±3.11b 75.89±48.71a < 0.01 

IL4 0.33±0.33 0.00±0.00 1.75±1.20 0.53±0.43 > 0.05 

IL6 0.00±0.00 0.00±0.00 6.07±6.07 3.11±2.83 > 0.05 

IL8 6.20±4.66 9.21±9.21 26.66±14.70 13.07±7.92 > 0.05 

IL10 0.00±0.00 0.00±0.00 0.14±0.14 1.95±1.95 > 0.05 

TNF 0.00±0.00 0.00±0.00 36.06±29.98 18.88±18.88 > 0.05 

IL12p40 416.17±125.92 222.72±65.33 517.310±163.32 671.59±318.97 > 0.05 

Values are mean ±standard error of serum cytokine levels in pg/mL. Significantly different diets (P< 0.05) for each cytokine are 
represented by different superscript across the table. CON, ZNO, RB2 and RB4 represents control diet and diets supplemented 
with zinc oxide, 2% and 4% red beetroot, respectively.  
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Figure 4.2: Individual serum inflammatory cytokine levels of pigs fed different 
experimental diet. Graph plot shows individual values, diet group mean and standard error. 
. CON, ZNO, RB2 and RB4 represents control diet and diets supplemented with zinc oxide, 
2% and 4% red beetroot, respectively. 
 

Evaluation of systemic and hepatic MDA levels showed the diets significantly 

influenced (P < 0.01) hepatic MDA levels. Hepatic MDA levels in pigs fed ZNO diet 

was higher compared to CON (P ≤ 0.05) and RB2 (P ≤ 0.01) pigs. However, levels in 

RB (RB2 and RB4) fed pigs, were comparable to CON pigs (Figure 4.3b). Systemic 

MDA levels were not different across the diet groups (Figure 4.3a), however a strong 

association was observed between serum isobetanin and systemic MDA levels (R = 

0.73; P = 0.04). 

4.5.3 Antioxidant capacity of plasma and liver homogenates 

The hepatic and systemic antioxidant capacity of the pigs in this study assayed using 

FRAP and TEAC method is shown in Table 4.4. Though the systemic antioxidant 

capacity were similar in all the pigs despite the different diet, result from both methods 

are related (R = 0.62; P < 0.001). Thus, similarities in the systemic ability of the pigs 

to reduce and scavenge for reactive oxygen species. 
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(a)  

 

(b)  

 

Figure 4.3: Malondialdehyde (MDA) levels in the (a) plasma and (b) liver of weaned pigs 

fed different diets. CON, ZNO, RB2 and RB4 represents control diet and diets supplemented 

with zinc oxide, 2% and 4% red beetroot, respectively.  

 

The serum antioxidant capacity measured using the FRAP method was significantly 
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pigs had comparable serum TEAC measurements. The systemic antioxidant capacity 

determined with the TEAC method was related to the systemic MDA levels (R = 0.58; 
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P < 0.001). Hepatic antioxidant capacity measured with FRAP method increased 

significantly by 2-fold (P < 0.001) in ZNO pigs compared to CON and RB pigs, 

depicting a higher hepatic reducing ability in ZNO pigs. Hepatic antioxidant capacity in 

RB pigs was similar to the control for both methods, thus the hepatic radical 

scavenging and reducing ability of these pigs were moderated despite different diets.   

 

Table 4.4: Systemic and hepatic total antioxidant capacity  

Diets CON ZNO RB2 RB4 

FRAP (µg Trolox eq./mg protein) 

Plasma 
 

30.4±2.22 32.9±3.45 35.9±3.65 33.95±2.37 

Serum 38.8±3.83b 41.7±3.30b 54.8±6.22a 46.07±2.29ab 

Liver 765.5±38.33b 1676.0±72.26a 724.0±32.50b 727.9±28.25b 

TEAC (µg Trolox eq./mg protein) 

Plasma 
 

1799.6±64.27 1814.4±34.40 1784.2±51.10 1757.2±68.38 

Serum 1642.0±94.29b 1796.3±71.09a 1778.5±51.33a 1631.9±73.02b 

Liver 1924.3±134.71 2045.1±67.26 1964.3±97.96 1943.5±82.50 

Values are mean ± SE. means in a row with different superscript letter are statistically different from each other (P< 0.05). CON, 
ZNO, RB2 and RB4 represents control diet and diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  

 

 

Table 4.5: Systemic antioxidant enzyme activity and glutathione levels  

Diets CON 
 

ZNO RB2 RB4 

CAT (U/mg protein) 1.67± 0.36b 1.72±0.16b 3.05±0.74a 2.08 ± 0.41ab 

SOD (mU/mg protein) 43.10± 4.60b 44.52±2.39ab 49.86±3.82a 39.36 ± 4.61b 

GSH (U/mg protein) 
 

2.16± 0.31b 2.44±0.16b 3.21±2.01b  4.63 ± 1.01a 

Values are mean ± SE. means in a row with different superscript letter are statistically different from each other (P< 0.05).CAT- 
catalase, SOD - superoxide dismutase, GSH – glutathione, CON, ZNO, RB2 and RB4 represents control diet and diets 
supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  
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4.5.4 Diet effect on systemic and hepatic antioxidant enzyme activity and 

glutathione levels  

The activity of antioxidant enzymes; catalase (CAT) and superoxide dismutase 

observed in pig plasma and liver homogenates are presented in Table 4.5 and 4.6 

respectively. Plasma CAT and SOD enzyme activity were significantly higher (P < 

0.01) in RB2 pigs compared to pigs fed CON and ZNO diet (P < 0.05). Also, plasma 

SOD activity was significantly increased in RB2 pigs compared to CON and RB4 (P < 

0.01) but not different from ZNO (P = 0.3).  

For the hepatic antioxidant defence system, the experimental diet significantly (P = 

0.05) influenced the CAT enzyme activity. Compared to the CON pigs, reduced CAT 

enzyme activity was observed in pigs fed ZNO diet (P = 0.05), RB pigs were not 

different (P > 0.05) from CON pigs. In addition, hepatic SOD activity was not influenced 

(P = 0.85) by the different experimental diets, comparable levels were observed in the 

pigs, more so, hepatic SOD and TEAC were significantly related (R = 0.79; P < 0.001).  

Plasma glutathione (GSH) was significantly higher in pigs fed RB4 compared to CON 

(P = 0.05) and ZNO (P = 0.04) and pigs, levels in RB2 pigs was midway. Similarly, 

hepatic glutathione level was higher (P = 0.05) in RB4 pigs than ZNO pigs but not 

different (P > 0.05) from CON and RB2. However, there was a correlation between 

serum isobetanin and plasma glutathione (R = -0.82; P = 0.01). 

4.5.5 Effects of diets on hepatic antioxidant gene expression 

According to table 4.7, the experimental diets significantly influenced (P < 0.01) the 

hepatic expression of the antioxidant genes. Compared to CON pigs, there was a 

significant increase in the hepatic expression of GPX1a and SOD, hence expression 

levels in the supplemented diets (ZNO, RB2 and RB4) were similar. GCLC levels 

increased in ZNO pigs compared to the CON, but levels from RB diets were 

intermediate between CON and ZNO. CAT expression in RB2 and ZNO pigs were 

high, but overall expression levels in the pigs was similar. Decreased HMOX1 

expression was observed in RB4 pigs (P = 0.02) while others were comparable. There 

was a correlation between hepatic betanidin levels and GPX1a expression (R= 0.71; 

P = 0.05). Figures 4.4 and 4.5 presents a summary of the antioxidant enzyme activity 

and defence system of weaned pigs fed the different diets. 
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Table 4.6: Hepatic antioxidant enzyme activity and glutathione levels  

Diets CON 

 

ZNO RB2 RB4 

CAT 

(U/mg protein) 

2504.9±228.21a 1612.3±216.57b 2243.2±274.50a 2391.5±301.79a 

SOD 

(mU/mg protein) 

6152.4±730.18 5524.8±357.32 5965.1±506.311 5736.4±335.26 

GSH 

(U/mg protein) 

2614.9±550.48ab 2321.1±568.67bc 2879.8±572.83ab 3217.1±257.66a 

Values are mean ± SE. Means in a row with different superscript letter are statistically different from each other (P< 0.05). CAT- 
catalase, SOD - superoxide dismutase, GSH - glutathione. CON, ZNO, RB2 and RB4 represents control diet and diets 
supplemented with zinc oxide, 2% and 4% red beetroot powder respectively.  
 

 

Table 4.7: Hepatic expression of antioxidant biomarker genes1  

Diets CON 
 

ZNO RB2 RB4 

CAT 
 

1.50±0.29ab 1.98±0.33a 2.27±0.20a 1.49±0.16ab 

GCLC 0.82±0.10b 1.25±0.17a 0.95±0.10ab 0.97±0.05ab 

GPX1a 0.56±0.04b 0.76±0.13a 0.80±0.07a 0.78±0.06a 

SOD 0.54±0.08b 0.81±0.21a 1.05±0.15a 0.82±0.08a 

HMOX1 4.99±0.45a 5.15±1.03a 4.65±0.60a 3.23±0.47b 

1Values presented are means ±SE of square root transformed data, statistically analysed conducted using Tukey HSD for ANOVA 
and multiple t test (Welch’s test) with Benjamini and Hochberg correction for multiple testing. P values < 0.05 are significant and 
values with different superscript alphabets along each row are not significantly different from each. CAT- catalase, SOD - 
superoxide dismutase, GCLC Glutamate Cysteine Ligase Catalytic, GPx1a - Glutathione peroxidase, HMOX1 - Heme oxygenase. 
CON, ZNO, RB2 and RB4 represents control diet and diets supplemented with zinc oxide, 2% and 4% red beetroot respectively.  
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Figure 4.4 Schematic diagram of the antioxidant enzyme activity and defence system of weaned pigs fed red beetroot supplemented 

diets. O2
•- - superoxide, H2O2 - hydrogen peroxide, •OH - hydroxyl radical, GSH – glutathione, GSSG – reduced glutathione, CAT- catalase, GPx 

– glutathione peroxidase, O2 - oxygen, Fe2+ - ferrous, Fe3+ - ferric, H20 - water, SOD – Superoxide dismutase. CON, ZNO, RB2 and RB4 represents 

control diet and diets supplemented with zinc oxide, 2% and 4% red beetroot, respectively. (*) represents diets influenced significant changes in 

the liver for the corresponding antioxidant enzymes.
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4.6 Discussion 

Weaning is a complex period in young pigs, presenting different clinical features and 

responses. Importantly, GIT changes causing gut dysbiosis and inflammation exposes 

weaned pigs to myriads of infections, disorder and oxidative stress (Wijtten et al., 

2011; Zhu et al., 2012). Therefore, weaning plays a central role in post weaning 

oxidative stress and feedback mechanism regulating the expression of antioxidant 

genes and development of the antioxidant defence system. Although, many dietary 

supplements of plant origin have been proposed for use in weaned pig diet, only a few 

studies evaluated the antioxidant status of weaned pigs after such dietary 

interventions. This study assessed the anti-inflammatory and antioxidative status of 

weaned pigs to red beetroot supplementation. 

Systemic inflammation and oxidative stress are characteristic of the post weaning 

transition phase of young pigs, causing increased gut permeability and dysfunctions. 

Oxidative stress results from high concentrations of reactive oxygen species (ROS) 

produced endogenously from pathogenic invasion and increased inflammation or 

exogenous from toxins and xenobiotic (Finkel, 2003; Beutler, 2004; Forman and 

Zhang, 2021). During inflammation, pro-inflammatory cytokines (e.g., IL1B, TNF, IL6) 

and lymphatic cytokines like IFNA and IL10 are produced, the latter been responsible 

for moderating systemic inflammation. Anti-inflammatory cytokines (e.g., IL10, IL4, 

IFNA) downregulate the production of pro-inflammatory cytokines (Opal and DePalo, 

2000; Zelnickova et al., 2008) launching an immune response. Hence, an increase in 

systemic anti-inflammatory cytokine have been shown to depict a period of recovery 

from inflammation (Rousset et al., 1995).  

The systemic inflammatory response of weaned pigs in this study showed a similar 

trend to the expression of gut inflammatory genes reported in Chapter 3. Notably is 

the high level of serum IL1B in RB4 pigs (4% red beetroot diet) relative to the CON 

and RB2 pigs. Which relates to the predisposition of increased dietary red beetroot 

levels (4% - RB4) to inflammation inferred from the previous chapter. However, ZNO 

pigs showed an inclination towards systemic inflammation, due to elevated IL1B 

despite downregulated TNF levels. IFNG was not detected in the serum samples, but 

anti-inflammatory cytokine IFNA was higher in pigs fed RB2 diet than other pigs.  
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In parallel with the gut IL10 expression levels (chapter 3), similar development was 

observed in the serum for all the pigs, more so, comparable IL6, IL4, IL8 and IL12p40 

levels were detected. The similarity in the systemic levels of these cytokines could be 

due to transient inflammation or immune stimulation as alluded to in (Watford et al., 

2003; Grilli et al., 2015). Also, the absence of an exogenous pathogen challenge that 

would have initiated a significant increase in pro-inflammatory cytokines production 

could be responsible for the effect observed. Secondly, the dietary treatments may 

have positively modulated inflammation by the downregulation of pro-inflammatory 

cytokines (IL6, IL8 and TNF) rather than enhancing the anti-inflammatory response 

(IL10, IL4 and IL12p40). Characteristically, anti-inflammatory effects of red beetroot 

have been linked to their ability to interfere with pro-inflammatory signalling cascades 

(Clifford et al., 2015; Calvi et al., 2022).   

Thirdly, high IL12p40 levels compared to other cytokines, may be responsible for the 

resolution of inflammation in the pigs. IL12p40 is a heterodimer (p35 and IL-12A), 

bioactive cytokine interleukin (IL12 and IL23), and a pro and anti-inflammatory 

cytokine with an inherently agonistic nature pivotal to early initiation of the immune 

system (Abdi, 2002; Watford and O'Shea, 2003). IL12p40 coordinates the innate 

resistance and adaptive immunity thus an immune-regulatory cytokine (Trinchieri, 

2003). The comparable expression of circulating pro-inflammatory cytokines reveals a 

more rapid immune response might have been induced by RB2 and RB4 diet, with 

high levels of IL12p40 although statistically similar with other diets.  Consequently, it 

is difficult to conclude that the pigs in this study had an on-going inflammation. The 

pigs were relatively healthy and not exposed to any pathogenic challenge or stressful 

situation (transporting animals) other than weaning. However, current data suggests, 

the pigs had a transient inflammation and were in the recovery phase.  

Although the in vitro and in vivo anti-inflammatory effects of red beetroot have been 

widely studied and reported in rats and human models (Clifford et al., 2015; Ninfali et 

al., 2017; Hadipour et al., 2020), studies involving weaned pigs are under reported. 

This is the first report on the in vivo inflammatory response of weaned pigs to red 

beetroot supplemented diet to the best of our knowledge. Studies investigating the 

anti-inflammatory role of red beetroot under pathogenic stimulation should be 
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considered in the future. This will aid understanding the potency of its in vivo anti-

inflammatory response.  

Meanwhile, assessment of oxidative stress via MDA levels in plasma and liver showed 

an absence of systemic oxidative stress in all the pigs, but a probable occurrence of 

hepatic stress in pigs fed ZNO diet. Contrariwise, Yin et al. (2013) and Zhu et al. (2017) 

reported decreased plasma MDA concentrations. A few pigs fed RB4 diet showed 

predisposition to increase hepatic MDA levels, suggesting pigs in these groups (RB4 

and ZNO) are susceptible to inflammation (elevated IL1B) and oxidative stress 

(increased MDA) compared to RB2 fed pigs. Their propensity towards inflammation 

with increased IL1B may have led to an increased MDA levels, capable of 

overwhelming the antioxidant defence system, disrupting redox homeostasis and 

culminating in increased oxidative stress (Kohen and Nyska, 2002). This observation 

supports the claim that increased inflammation can result in oxidative stress and vice 

versa, thus endangering animal health (Gessner et al., 2017). Hence, low red beetroot 

levels (2% - RB2) reduced hepatic MDA significantly relative to ZNO diet, while high 

supplemental red beetroot levels (4% - RB4) may portend a risk.  

Additionally, the supplemented diets (RB2, RB4 and ZNO) did not modify the plasma 

reducing and radical scavenging ability measured by FRAP and TEAC method 

respectively (Table 4.4). The hepatic antioxidant capacity was especially high in ZNO 

pigs, with increased reducing ability (FRAP), which could be an indirect antioxidant 

effect in response to the hepatic MDA levels (Velisek et al., 2011; Tkachenko et al., 

2014). However, the hepatic radical scavenging ability (TEAC) of the pigs was not 

altered by the dietary treatments. Betalains present in red beetroot are good ROS 

scavengers (Vulić et al., 2013) which could explain the high hepatic radical scavenging 

ability (TEAC) and antioxidant enzyme activities observed. They have greater 

bioavailability than most flavonoids and superior stability in comparison to 

anthocyanin’s (Suganyadevi et al., 2010; Choo et al., 2019). 
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Figure 4.5: Inflammatory and antioxidative status of weaned pigs fed different diets. AOX: - Antioxidant genes, CAT- catalase, SOD - 

superoxide dismutase, GCLC - Glutamate Cysteine Ligase Catalytic, GPX1a – Glutathione peroxidase, HMOX1 – Heme oxygenase. CON, ZNO, 

RB2 and RB4 represents control diet and diets supplemented with zinc oxide 2% and 4% red beet root, respectively. 
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These results present some notable effects of the different dietary treatments on the 

systemic and hepatic antioxidant defence compared to the control. Pigs fed ZNO diet 

had a reduced systemic and hepatic CAT enzyme activity. Reduced CAT activity 

indicates inadequate capacity to scavenge hydrogen peroxide in response to oxidative 

stress, which can be due to increased superoxide radical in the system (Tkachenko et 

al., 2014). RB2 (2% red beetroot) diet showed increase plasma antioxidant enzyme 

activity significantly for CAT and SOD. Overall, RB2 diet presented the ability to 

increase the systemic antioxidant defence while the hepatic antioxidant defence was 

maintained, signifying extra-hepatic metabolic sites for red beetroot.  

Similarly, this study highlights the effect of increased red beetroot (4% in RB4) over 

RB2 diet (2%), with tendency for a decline in plasma SOD and CAT activity while 

hepatic levels were maintained. RB4 pigs had an increased plasma and hepatic 

glutathione (GSH) levels compared to other pigs. Increased glutathione has been 

recognised as an adaptive response to oxidative stress (Sagara and Schubert, 1998; 

Hayes and McLellan, 1999; Dickinson et al., 2003), for pigs in RB4 group, this reflects 

a means to prevent excessive built up of ROS that could ensue from the declining 

SOD and CAT enzyme activity and potentially increased MDA levels. However, a 

depletion in glutathione and glutathione mediated antioxidant defence system 

indicates oxidative stress and increased cytotoxicity (Velisek et al., 2011; Grim et al., 

2013), which relates to observations in ZNO pigs. Increased ROS causes oxidative 

stress leading to the elevation of antioxidant enzymes as a defence mechanism to 

prevent cell/organ breakdown (Tkachenko et al., 2014). The first line of defence 

against oxidative stress consists of antioxidant enzymes; SOD, CAT and GPX that 

converts superoxide radicals into hydrogen peroxide, water and oxygen (Ural, 2013). 

Oruç (2010) reported increased SOD activity in Carp following exposure to xenobiotic. 

In this study, hepatic SOD activity was maintained by all the diets though RB2 diet 

improved systemic SOD activity significantly.  

Generally, the supplemented diets (ZNO, RB2 and RB4) improved the hepatic 

antioxidant defence system by upregulating the expression of GPX1a (57.6%) and 

SOD (60%) antioxidant genes. Comparable transcription levels of antioxidant genes 

were observed in ZNO and RB pigs except for HMOX1. HMOX1 is a cell protective 

enzyme with the capacity to reduce oxidative stress and maintain iron homeostasis. 
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Downregulation of HMOX1 was observed with dietary increase of red beetroot (4% - 

RB4) as well as a potential decline in CAT activity. This indicates an increased beetroot 

(4%) may reduce the hepatic presence and activity of these antioxidant genes, 

predisposing weaned pigs to oxidative stress. Compared to the CON, GCLC an 

important antioxidant gene modulating the production of cellular glutathione was 

upregulated in ZNO pigs. GCLC is increasingly expressed during oxidative stress, 

glutathione depletion and exposure to toxic chemicals (Franklin et al., 2009; Lu 2009). 

Hence, a high pharmacological dose of ZnO such as used in this study (ZNO diet) may 

be hepatotoxic, causing increased MDA levels and depletion of glutathione from 

increased GCLC expression.  

Due to the high betalain content in red beetroot, its in vitro and in vivo antioxidative 

potential have been extensively explored (Han et al., 2015; Tan et al., 2015; Tan and 

Hamid, 2021). However, the contributions of other constituents like the phenols (rutin, 

epicatechin, caffeic acid) with proven antioxidant properties (Frank et al., 2005; 

Georgiev et al., 2010) have been underreported. Here, the dietary treatment used was 

a composite and not purified betalains or betanin mostly reported (Vulić et al., 2014; 

Fernando et al., 2022). As a result, the undesirable effect observed for RB4 diet may 

be due to such unidentified components in the diet. Although, the relative contribution 

of these component is difficult to elaborate, their additive and synergistic effect cannot 

be ignored (Clifford et al., 2015; Hadipour et al., 2020). Besides, low betalain 

concentration have been reported to inhibit lipid peroxidation and haem decomposition 

(Kanner et al., 2001). However, the potential detrimental effects from increased/ 

prolonged intake have been under reported and under-studied.  

The antioxidative effects of red beetroot have also been linked to the bioavailability of 

betalains and bioactive compounds in the circulation following ingestion and 

absorption through the gastro-intestinal tract (Toutain et al., 2004; Wootton-Beard et 

al., 2011). Really, the bioavailability of betalains in serum and liver samples was 

incredibly low (< 0.01%) and few betalains (betanin, isobetanin, betanidin and 

isobetanidin) were observed compared to compounds present in the feed samples. 

Betanin (2.1 - 5.7 µmol/mL) and betanidin (12.2 - 35.1 µmol/g) were the most abundant 

of all the compounds in the liver and serum, respectively.  
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There was a correlation between the serum isobetanin concentration, plasma MDA 

and glutathione levels. Hepatic betanidin was strongly associated with GPX1a mRNA 

expression (Table 6.5). The relevance of these correlations may however be 

inconsequential owing to the comparable concentrations of betalains observed in the 

serum and liver of the RB fed pigs. A higher betanidin than betanin in the serum of 

RB2 pigs may have given rise to increased systemic antioxidant capacity observed (in 

RB2 serum FRAP and TEAC). Again, in the liver, RB2 pigs had more betanidin than 

betanin compared to RB4 pigs which may explain the differences in their MDA levels, 

despite comparable hepatic antioxidant capacity and enzyme responses. Although the 

bioavailability of betalains have been studied comprehensively and betanin has been 

credited with a higher antioxidant effect compared to other betalains, there are scare 

reports on the antioxidative effect or health benefits of betanidin. Our study highlights 

that betanidin (Figure 4.6) may have a higher antioxidant capacity than betanin. 

Betanidin is the aglycone form of betanin and the basic betacyanin with 5, 6 –hydroxyl 

moiety. It has more hydroxyl group than betanin after deglycosylation hence a stronger 

radical scavenging activity at pH 2 to pH 4 and high antioxidant activity than betanin 

(Cai et al., 2003; Gliszczyńska-Świgło et al., 2006; Khan, 2016). Concomitantly, 

betanidin has reduced sugar moiety than betanin, therefore may be more active and 

bioavailable in vivo.  Taira et al. (2015) reported, betanidin is a potent antioxidant 

against peroxyl radical and nitric oxide, signifying glycosylation (to form betanin) and 

acylation reduces the radical scavenging ability of betacyanin. Results by Wybraniec 

et al. (2011) from voltammetric oxidation further support betanidin as a strong reducing 

agent. Hence, future studies investigating the antioxidative effect and properties of 

betanidin are necessary.  
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Figure 4.6: Pathways of conversion of betanin to betanidin and their isomers 

(Isobetanin and isobetanidin). 
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4.7 Conclusion 

In summary, pigs fed ZNO showed a propensity towards high MDA levels and RB4 

pigs presented a possibility of inflammation. Red beetroot supplementation of weaned 

pig diet helped maintained the hepatic antioxidant defence system (hepatoprotective) 

while the systemic antioxidant defence and hepatic antioxidant gene expression was 

improved. Particularly, pigs fed RB2 diet had better antioxidative status and response 

compared to other pigs. Although, pigs on ZNO and RB2 had similar ability for hepatic 

antioxidant gene expression, there is the danger of hepatotoxicity, reduced CAT and 

glutathione depletion with ZNO pigs. Increased red beetroot in the diet (RB4) revealed 

the danger of waning systemic antioxidant defence and heme decomposition, although 

compensated for by an increased systemic and hepatic glutathione levels. Red 

beetroot supplementation of weaned pig diet at 2% (RB2) showed an anti-

inflammatory and antioxidative response, thus a potential for application in the pursuit 

of zero zinc oxide in weaned pig diet. Due to the unavailability of data on the 

polyphenols and other bioactive compounds present in the diets and biological 

samples, it is difficult to attribute the benefits as well as downsides of the red beetroot 

diets and doses to betalains alone. Future work employing pure compounds are 

necessary to further expand on these findings.  
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 : General Discussion 

 

5.1 Introduction 

Weaning is a critical phase in the production cycle of pigs, characterised with 

increased use of antibiotics and antimicrobials closely linked to the emergence of 

AMR. Pathogenic invasion of the GIT, and the subsequent diarrhoea resulting from 

physiological and immunological changes at weaning is a leading cause of mortality 

and huge economic loss during pig production. Besides improving management 

practice in pig farms, dietary interventions aimed at improving nutrient absorption and 

immune response post weaning is a viable way to optimise the health and gut health 

of weaned pigs. 

As pig production moves into the zero-zinc oxide phase, sustainable livestock 

production via recycling of feed resources remains a viable means to enhance food 

and animal production while reducing food waste. A large amount of processed waste 

from agro-allied industries are currently being explored as animal feed supplement to 

improve and lower the cost of livestock production. Among these, red beetroot (RB) is 

an important source of health promoting phytochemicals with antioxidant, anti-

inflammatory, and hepatoprotective properties (Clifford et al., 2015; Chhikara et al., 

2019). This chapter summarises the outcomes of exploration on the impact of red 

beetroot on health and gut health of weaned pigs.  

5.2 Impact of red beetroot on health of weaned pigs 

Overall, the growth performance of the pigs did not differ among the diet groups at the 

end of the experimental period (Chapter 2; Table 2.1). Although, growth and 

performance response of the pigs was not a major objective in this research, pigs fed 

red beetroot (RB) supplemented diets showed potential to reduce post weaning 

anorexia and weight loss, which can be severe in the first week after weaning. Pigs in 

the RB diet group had an increased feed intake, which was significantly higher than 

those fed the control group (CON) or ZnO diet (ZNO) in the second week post 

weaning. The first week after weaning is very critical and it is important that pigs have 

a high feed intake for good growth performance, to prevent infections and death. This 

is in accordance with past reports (Manzanilla et al., 2004; Papatsiros et al., 2009). 
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Pigs fed control and ZnO had lower feed intake and demonstrated some weight loss 

during the first week unlike pigs fed RB diets. A large-scale feed trial aimed at 

determining growth performance difference will afford a better understanding of the 

weaned pig performances.  

Due to comparable average faecal score across the diet groups, no adverse effect of 

the diet or diarrhoea was observed in the pigs. However, detailed evaluations of 

interaction between the diet and the GIT using histomorphometry, biochemical, 

molecular and genomic techniques showed the predisposition of pigs fed RB4 diet to 

reduced absorptive surface, diarrhoea and inflammation (Chapter 2 and 3). The 

reduced absorptive surface may have translated to decreased betalains (comparable 

systemic and hepatic levels with RB2, despite 2-4 fold increment in diet) in pigs fed 

high dose (4%) of red beetroot (Chapter 4; Table 4.2). Highlighting the importance of 

techniques employed in this study in assessing the impact of the dietary intervention, 

these techniques provided an in-depth evaluation of the intestinal environment than 

reliance on visual pen observation, faecal scores or other subjective measurements.  

This study demonstrated the role of red beetroot in improving or modulating the 

immune response of weaned pigs rather than moderating growth, which was evident 

by improved gut, systemic and hepatic antioxidant status and enzyme activities 

observed in red beetroot fed pigs, especially RB2 diet (Chapters 3 and 4). Although, 

previous studies demonstrated increased weight gain with low doses (0.0125 g/kg to 

0.025 g/kg) of plant bioactive supplemented diets e.g., Oregano oil, citrus peel; and 

chicory (Jugl-Chizzola et al., 2006; Hashemi and Davoodi, 2011). And Selim et al. 

(2013) reported increased growth performance with (0.5 -1%) aqueous beetroot 

extract following a 40-day supplementation of broiler chicken. The dose, duration and 

animals used in these studies may have influenced the efficacy of beetroot addition.  

5.3 Oxidative Stress, inflammation and anti-oxidative status 

Weaning stress is associated with oxidative processes that lead to the release of 

reactive oxygen species (ROS) (Zhu et al., 2017). Weaning induced oxidative balance 

with varying jejunal and ilea antioxidant gene expression was demonstrated in Yin et 

al. (2014), three days post weaning. Increased ROS have been linked to activation 

and upregulation of pro-inflammatory cytokines with subsequent increase in gut 

permeability and decreased expression of tight junction proteins (Yin et al., 2013; 



 

136 
 

 

Vergauwen et al., 2017). In addition, the host responds to gut inflammation by 

producing ROS such as nitric oxide. A nitrate rich environment favours the growth of 

Enterobacteriaceae encoding for nitrate reductase genes. Red beetroot is rich in 

nitrate, which could have favoured increased phylum Proteobacteria (represented by 

elevated ilea Enterobacteriaceae; Figure 6.4c) observed in pigs fed RB4 diet. 

Increased Proteobacteria have been linked with weaning stress and gut inflammation, 

which disrupts the microbiota, depleting resident gut commensal/beneficial inhabitants 

(Winter et al., 2013; Argüello et al., 2019). This succinctly explains the depleted 

production of gut metabolites (SCFA and secondary bile acids) observed in RB4 pigs 

compared to RB2 pigs (Chapter 2), as well as a tendency for oxidative stress and 

inflammation compared to CON pigs (Chapter 4). Therefore, increased dose of red 

beetroot was less efficient in making the health benefits of red beetroot available for 

the achievement of health and gut health.   

Previous study by Zhu et al. (2017) demonstrated elevated plasma MDA levels, with 

pharmacological dose of ZnO. In this present study, a few pigs in the group had levels 

above the group average, which raises a concern of hepatotoxicity and /or oxidative 

stress with pigs fed ZnO supplemented diet (ZNO). Weaned pig diet supplemented 

with red beetroot at 2% inclusion (RB2) prevented hepatic oxidative stress, although 

comparable with control diet (CON), RB4 followed a similar trend with ZNO (Chapter 

4, figure 4.3). Conversely, an increased hepatic antioxidant capacity in ZNO pigs, with 

increased reducing ability (FRAP method) was likely due to an increased hepatic MDA, 

equivalent to observations with the systemic MDA levels and antioxidant capacity. 

The total antioxidant capacity (TAC) is a viable tool for assessing nutritional 

interventions with antioxidant rich foods. It entails measuring the antioxidant capacity 

of all antioxidants in a sample, mostly with the FRAP and TEAC method (Miller et al., 

1993; Szeto et al., 2002). These methods measure different antioxidants, because a 

standard and officially recognised method to evaluate TAC is unavailable. Hence, TAC 

is not a standalone method, interpretation of the antioxidant capacity of any 

antioxidants containing diet must include other antioxidant defence biomarkers for a 

rounded reflection of the health status. Interestingly in this study, results from both 

methods were similar. 
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Furthermore, results from Chapter 4 showed RB2 diet increased plasma CAT and 

SOD activity, with a slight decline with increased RB level to 4%. Hepatic SOD enzyme 

activity was not affected by the dietary supplement (RB and ZnO), but CAT activity 

was reduced in ZNO pigs. This demonstrates the ability of RB to increase the systemic 

antioxidant defence and preserve the hepatic antioxidant defence (hepatoprotective). 

Also, ZNO and RB2 diets had comparable hepatic antioxidant gene expression but 

RB4 downregulated HMOX1 expression. Many studies have shown that 

phytochemicals act through several antioxidant defence mechanisms to improve 

redox balance and prevent oxidative stress damages (Rahimi et al., 2019; Hadipour 

et al., 2020). Reduction in antioxidant enzyme (e.g., CAT) activity indicates a 

disruption in the redox state, and increased lipid peroxidation (Drummond et al., 2011), 

as apparent in ZNO pigs (Chapter 4, Tables 4.6, 4.7).  

Again, this study showed the propensity of ZNO diet to deplete hepatic glutathione 

and increased hepatic GCLC expression. Increased cell injury and ROS from 

increased lipid peroxidation (MDA levels) has been linked to glutathione depletion, 

further confirming the risk of hepatotoxicity with pharmacological doses (3000mg/kg) 

of in ZnO (ZNO diet) highlighted earlier. Sales (2013) described the possibility of zinc 

toxicity in diets supplemented with levels above 200mg/Kg from zinc carbonate and 

100 mg/Kg from zinc lactate. Burrough et al. (2019) reported hepatotoxicity in pigs fed 

ZnO supplemented diet up to (3000 - 6000 mg/kg).  

However, the outcome of this study supports the hepatoprotective benefit of red 

beetroot reported in existing literature.  In an in vivo study conducted on rats, Krajka-

Kuźniak et al. (2012) attributed the hepatoprotective activity of RB to its betanin 

content. Betanin is responsible for inducing detoxification and expression of 

antioxidant enzymes (Krajka-Kuźniak et al., 2013). In another study, rats exposed to 

high lipid diet and purified betanin intake, da Silva et al. (2019) observed reduced 

hepatic MDA levels and increased SOD, CAT and GPx activity. Betanin acts through 

induction of antioxidant defence mechanism and free radical scavenging mechanism 

(Esatbeyoglu et al., 2015). They exert antioxidant effect by regulating the expression 

of transcription factor erythroid 2- related factor 2 (Nrf2) and phase II enzymes (e.g., 

Heme-oxygenase 1, Glutathione transferase) involved in detoxification and elimination 

of ROS. Betanin also activates GPx, CAT and SOD genes thus enhancing availability 
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of enzyme molecules to exert antioxidant activity (da Silva et al., 2019). Hence, red 

beetroot-betanin (RB2; 90.3 ± 18.10, RB4; 277.4 ± 79.43 in the diet used in our study 

could be responsible for the antioxidant effect observed in this thesis.    

5.4 Impact of red beetroot on the gut health of weaned pigs 

Further, the thesis assessed the impact of the diets on the gut health of the weaned 

pigs. Gut health involves the complex interaction between diet, gut mucosa and the 

gut microbial environment. At weaning, the GIT undergoes alterations in its 

functionality with changes ranging from increased epithelia turn over, to change in 

structure, microbiota composition and diversity, which can affect the gut health 

positively or negatively (Kim et al., 2012; Belkaid and Hand, 2014; Fouhse et al., 2016). 

Consequently, the gut health constitutes an important factor in the alleviation of 

weaning induced GIT dysfunctionality and post weaning diarrhoea. The impact of red 

beetroot supplemented diet on the gut health of weaned pigs was assessed with 

different biomarkers categorised in; gut structure, gut inflammation and immune 

response, and gut microbiota and metabolites, as discussed below. 

5.4.1 Gut structure  

The effect of diet on the small intestinal morphology have been investigated in weaned 

pigs, however, evidence from existing literature and this thesis suggests that diet 

components may contribute to the breakdown of the gut structure (van Beers-Schreurs 

et al., 1998; Ngoc et al., 2013). Though red beetroot supplemented diet alleviated post 

weaning anorexia, observations from pigs fed an increased RB inclusion (4%) red 

showed a reduction in jejunal and ileal measurements (VH, CD and VH:CD) (Chapter 

3; Figure 3.1). Which portends a reduction in the intestinal absorptive capacity alluded 

to previously. Although, diarrhoea was not observed in the animal from the faecal 

score evaluations, the tendency for shortened intestinal absorption surface in RB4 pigs 

signifies a risk to the gut morphology.  

The reasons behind this gut presentation in weaned pigs is not particularly clear, 

however, an increase in dietary fibre levels can be implied. Dietary crude fibre 

analyses of experimental diet used in this thesis showed high levels for RB4 (Table 

6.1). Data from sugar beet fibre showed a higher presence of soluble fibre (up to 62%) 

than insoluble fibre (Knudsen, 1997; Fadel et al., 2000). Hedemann et al. (2006) earlier 



 

139 
 

 

demonstrated better intestinal morphology in pigs fed diets with high insoluble fibre 

than those offered diets with high soluble fibre (e.g., pectin). Accordingly, in Montagne 

et al. (2003), soluble fibre increases digesta viscosity and sloughing of the villus 

epithelium leading to villus atrophy. This resonates with changes observed in the gut 

morphology of pigs fed RB4 (Chapter 3, Figure 3.1). 

Additionally, increased dietary soluble fibre decreases digesta retention time, exposes 

young pigs to diarrhoea and exacerbates pathogenic invasion of the gut (Kim et al., 

2012; Heo et al., 2013). This fits into the increased abundance of phylum 

Proteobacteria (family; Enterobacteriaceae) and caecal E. coli in pigs fed RB4 diet 

(Chapter 2 and 3). Therefore, increasing red beetroot (RB) supplementation from 2% 

to 4% in the diet of weaned pigs may have deleterious effect on the gut morphology.  

5.4.2 Gut inflammation and immune response 

Gut health also entails the absence of inflammation and adequate immune response 

to GIT changes induced by weaning. Weaning induced alterations in the gut structure, 

microbial composition and functions activates the gut and systemic immune response. 

These changes moderate inflammation and other immune pathways by the secretion 

of pro and anti-inflammatory cytokines, immunoglobulins, antimicrobial peptides, tight 

junction proteins and mucins to regulate on-going changes in the GIT and the body 

system (Celi et al., 2019). 

Coupled with exposure to a new diet post-weaning, the inflammatory and immune 

responses as well as proteins regulating gut permeability and barrier function can be 

severely impacted (Yin et al., 2019; Kaminsky et al., 2021). The choice of red beetroot 

used this study was informed by its anti-inflammatory property reported in the 

literature. Also, the mechanism of action of ZnO and its anti-inflammatory role in 

weaned pig diet has been reported in many studies (Li et al., 2010; Sargeant et al., 

2010).This novel report, utilised RB in weaned pig diet hence the need to evaluate its 

in-vivo anti-inflammatory effect amidst claims of success in other animal species e.g., 

humans and rats (Pietrzkowski et al., 2010; El Gamal et al., 2014; Tan et al., 2015).  

First, there were similarities in the gut and systemic response of the pigs (Chapter 3 

and 4), diet group with increased expression of inflammatory genes in the gut tissues 

(RB4) had high serum inflammatory cytokines. Also, due to variation in the levels 
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observed within each diet group, only serum IL1B and IFNA levels were significant. 

This suggests the pigs had a short-lived systemic inflammation or they were in different 

inflammatory-recovery phase at the time of sampling. Pié et al. (2004), reported 

transient upregulation of inflammatory cytokines after weaning. Additionally, 

inflammation occurs during the first week after weaning and is expected to resolve as 

the animals adjust to a new diet and environment (Bian et al., 2016; Chong et al., 

2018). In this study, samples were collected on day-14, hence the pigs had passed an 

active inflammatory phase, which could be responsible for this outcome. Again, as 

stated earlier, this re-emphasises the need for non-invasive methods or biomarkers 

for time-point and periodic evaluations of inflammation during the post-weaning period 

in pig production. 

The faecal calprotectin is a viable and accurate non-invasive marker of gut 

inflammation and immunity. During gut inflammation, activated neutrophils infiltrate the 

gut mucosa, thereby secreting proteins that are detectable in the faeces. Faecal 

calprotectin levels provide insights into ongoing intestinal enterocytes changes from 

inflammation or dietary interventions (Fagerhol, 2000; Šplíchal et al., 2005; Alibrahim 

et al., 2015). As highlighted previously, the faecal calprotectin results support 

inflammation in RB4 pigs (Chapter 3, Figure 3.2c).  

RB2 diet was closely associated with the CON diet in terms of gut (jejunum and ileum) 

expression of inflammatory cytokines (Chapter 3; Figure 3.2a, 3.2b). Notably, RB2 diet 

may have prevented exacerbation of weaning induced changes observed in the pigs 

fed the control diet, however, an increase in RB level - RB4 diet resulted in increased 

expression of pro- inflammatory cytokine (IL1B). The red beetroot diets may have 

modulated inflammation by downregulating the expression of pro-inflammatory 

cytokines. Baker et al. (2011) and Calvi et al. (2022) stated that red beetroot exhibits 

anti-inflammatory effects by interfering with pro-inflammatory signalling cascades 

especially the nuclear factor kappa B (NF-κB) pathway. Nevertheless, this was not 

dose sensitive as an increased RB inclusion from 2% to 4%, increased the expression 

of pro inflammatory genes (IL1B, TNF).  

Importantly, the pigs were not challenged, the absence of a pathogenic stimulation 

may have presented a weak anti-inflammatory response. Many in vitro studies have 

demonstrated the anti-inflammatory effect of red beet in the presence of 
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lipopolysaccharides, pathogens and stimulations by inflammatory cytokines (Reddy et 

al., 2005; Vidal et al., 2014; Verhelst et al., 2014). While in vitro outcomes do not 

translate directly to in vivo effects, understanding the responses of pathogenically 

challenged weaned pigs to red beetroot supplemented diets is worth exploring in future 

red beetroot research. The anti-inflammatory response of the pigs provided a glimpse 

into the sites and mechanism of action for ZnO and red beet. Pro-inflammatory 

cytokines were highly expressed in the jejunum of ZNO pigs but resolved in the ileum. 

Evident from this thesis is the ability of ZnO to downregulate gut and systemic TNF 

levels, which could be its mechanism of mitigating intestinal inflammation in weaned 

pigs. Clearly, RB at 2% mediated inflammation by downregulating the secretion of pro-

inflammatory cytokines in the gut and systemic circulation. Although, RB4 showed this 

prospect in the systemic circulation, there was increased gut and systemic IL1B 

depicting inflammation. 

5.4.3 Gut barrier and permeability function 

Tight junction (TJ) and fatty acid binding (FAB) proteins protect the gut barrier integrity, 

regulating the paracellular flow of ions, electrolytes, solutes and water in and out of 

the gut lumen. However, a breakdown in the gut barrier induced by weaning and 

dietary changes can impair the gut barrier function causing increased permeability. 

Here, the experimental diets mediated expression of the TJ and FAB proteins in 

response to the inflammatory cytokines. Remarkably, the trend observed aligns with 

previous reports of TJ modulatory actions from pro-inflammatory cytokines levels 

(IL1B, TNF and IFNG) during intestinal inflammation (Kaminsky et al., 2021). Previous 

studies have shown that, increased IL1B and TNF causes decreased gut TJ 

expression and consequently an increased gut permeability (Ma et al., 2004; Al-Sadi 

and Ma, 2007). However, it is uncertain this is the case in this study, due to comparable 

expression of jejunal CLDN3 and ZO1 in all the pigs in spite of high IL1B in pigs fed 

ZNO and RB4 diet (Chapter 3, Figure 3.4a). Moreover, there OCLN levels in the ileum 

were comparable and a high ZO1 level with increased IL1B in RB4 pigs (Chapter 3, 

figure 3.4b) was observed.  

Several inconsistencies have trailed the influence of IL1B on TJ permeability from past 

studies. Zhu et al. (2019) reported IL1B had no effect on CLDN proteins. Also, Haines 

et al. (2016) observed downregulation of CLDN3 while ZO1 remained unchanged, 
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Wang et al. (2017) revealed IL1B decreased ZO1 and OCLN expression and Al-Sadi 

et al. (2008) suggested that barrier defects might also occur independently of 

inflammation. Hence, it is difficult to conclude if the pigs’ gut permeability was 

compromised, due to individual variability and other related factors viz inflammatory 

cytokines, gut microbiota composition and antimicrobial secretions (peptides) which 

may have masked expression of the TJ proteins (Suzuki and Hara, 2010; Ulluwishewa 

et al., 2011; Xiong et al., 2019). More so, increased IL1B in ZNO and RB4 pigs did not 

induce downregulation of the gut TJ proteins.  

Given that, IL1B increases TJ permeability via activation of the NF-kB pathway (Al-

Sadi and Ma, 2007). There is the possibility of an antagonistic reaction with red 

beetroot downregulating pro-inflammatory signalling cascade via the NF-κB pathway 

and in the same pathway IL1B mediating a decreased expression of TJ proteins. As a 

result, NF-κB stimulation may be insufficient to affect an increased TJ permeability, 

thus the gut permeability is likely moderated or undisturbed. Data available from 

digesta L-lactate levels infer an undisrupted gut permeability and barrier function in 

ZNO and RB2 pigs due to reduced ilea L-lactate levels compared to CON and RB4 

pigs. Considering that existing studies in this regard were mostly in vitro, current 

interpretation of this result is limited.  

5.4.4 Gut microbiota composition and metabolites  

This thesis reports on novel outcomes of red beetroot supplementation of weaned pig 

diet on the gut microbiota. Generally, RB2 and ZNO diets were different from the CON 

in modulating changes in the alpha and beta diversity of the gut microbiota. In addition, 

the caecal microbiota was richer and more diverse than the jejunum and ileum, while 

the jejunal and ilea microbiota are similar (Chapter 2, Table 2.3). CON diet mediated 

a significantly higher Actinobacteriota in the gut microbiota (represented by Olsenella 

and Bifidobacterium) which has been linked to lactate accumulation from increased 

abundance of lactic acid producing bacteria in the gut. Equally, predicted function of 

the gut microbiota showed upregulated pathways mediating stress, endotoxin 

production and inflammation. Observations from pigs fed ZNO diet in this study aligns 

with earlier reports of reduced jejunal and ileal species in pigs fed diet containing 

pharmacological levels of ZnO (Namkung et al., 2006; Shen et al., 2014; Yu et al., 

2017).  
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The total SCFA and bile acid levels in RB2 pigs was similar to CON pigs, unlike 

reduced levels observed in ZNO and RB4 pigs (Chapter 2, Tables 2.2, 2.3). Which 

signifies the ability of RB2 diet to maintain/mediate microbiota metabolite production. 

Some studies have inferred correlations between the gut health and microbiome 

richness (Patterson et al., 2014; Singh et al., 2015), in this case, pigs fed RB2 had an 

improved gut health compared to other pigs.  

This thesis highlights the implications of differentially abundant genera mediated by 

the experimental diets. RB fed pigs had an increased caecal Anaerovibrio abundance. 

Anaerovibrio has strong correlations with SCFA levels especially butyrate, which is an 

important gut microbiota metabolite recognised for its effects on the gut health 

(Morrison and Preston, 2016). Meanwhile, RB4 fed pigs showed differentially 

increased Proteobacteria (Ileum and caecum), which has been linked to stress and 

gut barrier disruption in weaned pigs.  Again, this aligns with increased caecal E. coli 

expression (Chapter 3; Figure 3.3b) as well as upregulation of microbiota mediated 

pathogenic Escherichia coli infection and Shigellosis pathway (Figure 6.8c). This is in 

sharp contrast to the benefits afforded by RB2 diets. According to Rivera-Chávez et 

al. (2016), reduced SCFA levels lead to increase facultative anaerobic genus e.g., 

Enterobacteriaceae, which aligns with observations in RB4 pigs. Also, gut 

inflammation in pigs fed RB4 diet can constitute a gut microbiota shift and vice-versa 

according to Pickard et al. (2017), owing to these risks, red beetroot levels up to 4% 

in weaned pig diet is not advised.  

Another major finding from this research is the increased abundance 

Erysipelotrichaceae unclassified in pigs fed of ZNO diet. There is evidence linking 

Erysipelotrichaceae to host immunogenicity and high lipid profiles (Etxeberria et al., 

2015; Kaakoush, 2015), which aligns with significantly high hepatic lipid peroxidation 

observed in ZNO pigs (Chapter 4; Figure 4.1), and down regulated pathways 

mediating lipid metabolism (Chapter 2). This describes the complex role of the gut 

microbiota, linking the gut health to health and mediating not only the gut function but 

also host metabolism and homeostasis (Brown et al., 2012; Tuddenham and Sears, 

2015; Nie et al., 2015). While the gut microbiota mediated functions are similar for diet 

ZNO and RB2, weaned pigs fed diet RB2 showed improved gut microbiota richness 
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and diversity, metabolite production and mediated functional pathways promoting 

health via stress reduction, anti-oxidation and anti-inflammation.  

5.5 Red beetroot dose effect and betalain bioavailability 

This research add-up to the body of evidence on the in vivo health benefits of red 

beetroot in weaned pigs. The study recounts on the ability of red beetroot 

supplemented diet to alleviate post weaning induced GIT changes and dysfunction. 

However, there was no dose effect observed on the biomarkers evaluated, which 

negate our expectation of proportional response with increase in RB dose. While the 

reasons for this is unclear, below are a few clarifications within the scope of this study 

and from past literature.  

Red beetroot has high betalain content, recognised for its health benefits as reported 

in many literature. It contains a variety of phytochemicals and bioactive compounds 

including polyphenols (e.g., flavonoids), vitamins (ascorbic acid, vitamin B, thiamine, 

and niacin), carotenoids, phenols, organic acid and betanin (Kujala et al., 2002; 

Nemzer et al., 2011; Baião et al., 2017), exerting different or similar functions. These 

compounds may act synergistically with betalains influencing the overall biological 

effect observed. Past studies on the in vivo benefits of betalains (e.g., betanin) from 

red beetroot were conducted using commercially available whole red beetroot extract 

(Han et al., 2015; Dhananjayan et al., 2017). Obviously, the beneficial effect observed 

from these studies cannot be accrued to betalains alone. Though, it is difficult to 

access the biological functions of individual component in red beetroot, investigations 

using pure betalains are necessary for better understanding and confirmation of their 

exact effects (Rahimi et al., 2019).  

Additionally, the red beetroot diets (RB2 and RB4) were composite, containing other 

dietary components (e.g., fibre) and probable anti-nutritional components (e.g., 

tannins, saponins and oxalates). Doubling the inclusion level of red beetroot means a 

direct increase in these components with resultant adverse effect (e.g., gut dysbiosis, 

diarrhoea and oxidative stress) earlier mentioned. Observation from in vitro simulated 

gastric digestion of betalains by Tesoriere et al. (2013), reveals the food matrix can 

cause degradation of red beetroot in the gastric environment, affecting host 

accessibility to inherent bioactive compounds. Inability to assess the bioactive 

ingredients in the diet will result impair availability and absorption of the compounds 
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(betalains). Some studies claim polyphenols are more bio-accessible than betalains, 

however most studies evaluated betalain bioavailability (Tesoriere et al., 2004a; 

Wiczkowski et al., 2018; Sawicki et al., 2020).  

An important concern about the in vivo activity of plant containing antioxidant 

properties such as red beetroot, have always been the bioavailability of bioactive 

compound in the diet after digestion. Oral administration of betanin may lead to poor 

absorption from extensive pigment metabolism in the GIT wall. In addition, the 

bioavailability of betalains is indeed very low (< 0.01% observed in this study) and 

entails systemic elimination involving renal clearance (Moreno et al., 2008). According 

to Frank et al. (2005) measurement of bioavailable betalains after dietary intervention 

should include unchanged compounds and metabolites in the plasma, urine and bile. 

This thesis reports on betalains bioavailability in serum and liver samples, hence 

limited information on the presence of other compounds and metabolites that could be 

present. 

Balance between oxidation and anti-oxidation is crucial for optimal health and a 

minimum level of oxidative stress is required to maintain cell integrity, superoxide and 

biological system. Consequently, most dietary interventions designed to address 

oxidative stress with increased antioxidant supplementation have failed to improve 

health and are usually not advised (Alía et al., 2003; Mueller et al., 2012). An increased 

antioxidant in the system can function as pro-oxidant, creating a level of oxidative 

stress (oxidants) to balance the excessive circulating antioxidants (Celi and Gabai, 

2015). For instance, excessive amounts of vitamin- antioxidants and vitamin E can 

trigger oxidative stress, cell DNA damage and increase mortality in humans (Donnelly 

et al., 1999; Miller III et al., 2005). This may be responsible for declining antioxidant 

enzyme activity with increased antioxidants despite increased diet supplementation 

with antioxidant compounds (e.g., with increased red beetroot RB4).  

Again, alluding to the study conducted by da Silva et al. (2019), reduced hepatic MDA 

and increased SOD, CAT and GPx activity in rats exposed to high lipid diets and 

purified (20 mg /kg) betanin for 20 days. The dose was determined from a previous 

experiment with 10, 20 and 40 mg/kg dose betanin, where more effectiveness and 

bioactivity was observed with 20 mg/kg betanin compared to 40 mg/kg dose 

(Dhananjayan et al., 2017).  
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5.6 Application and thesis contributions to zero-zinc oxide diet  

The reason behind zero ZnO policy is to avert the detrimental effect (antimicrobial 

resistance and environmental pollution) of pharmacological doses of ZnO in weaned 

pig diets. The focus in pig production is to optimise the gut health, improve pig health 

and production. Many alternatives are under investigation to replace ZnO in weaned 

pig diet, towards improving the gut health. Findings from this thesis have described 

the health benefits of red beetroot in weaned pigs, as well as gut health benefits.  Red 

beetroot supplementation accounted for the anti-inflammatory, anti-oxidative, gut 

microbiota modulation, antimicrobial and hepatoprotective benefits observed in this 

study. Betalains (especially betanidin; an aglycone of betanin) present in red beetroot 

also emerged as phytochemicals with ability to downregulate the expression of 

inflammatory cytokines and enhance the expression of hepatic antioxidant genes. 

Along with other managerial and husbandry requirement for pig production, red 

beetroot is safe for use in pig nutrition to replace in-feed ZnO and for the achievement 

of zero ZnO diet. Present findings, support supplementation of weaned pig diet with 

2% red beetroot without any adverse effect to growth and for a healthy gut. Red 

beetroot is commercially available for purchase in pulverized form without any 

restrictions or prescription. The initial setback for industrial application of red beetroot 

in weaned pig diet was due to the red pigment sticking or staining feed conveyors and 

troughs. However, at the required dose (2%) this very unlikely to happen.  

5.7 Limitations of the study 

- The thesis was proposed to explore the components of red beetroot in vitro, to 

assess the active compounds and dose before the feeding trial. However, due 

to the COVID-19 pandemic, the scope and scale of this research was curtailed.  

- This study evaluated whole red beetroot and briefly assessed the bioavailability 

of betalains in feed, serum and liver homogenates. Other bioactive constituents 

and polyphenols in red beetroot were not covered in this thesis. Consequently, 

the study did not decipher the red beetroot constituent responsible for the 

effects observed. 

- In addition, due to limited available data on red beetroot in pigs and especially 

in weaned pigs, it was difficult to compare the observations in this study to past 
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literature. Hence, this report serves as a novel study of the effect of red beetroot 

in weaned pigs.   

- This thesis is a pilot study, exploring red beetroot supplementation in weaned 

pig diet, hence the animal feeding trial was conducted with limited number of 

replicates. Thus, data collected only suggests the effect of red beetroot on 

growth and diarrhoea incidence of weaned pigs.  

- The insufficient sample numbers, could have marred the outcomes the 

parameters measured (e.g. extreme effect of hepatic oxidative stress and 

inflammation was observed in some animals in the ZNO group) and much 

individual variability observed.    

- The colon metabolites could not be correlated with the colon microbiota due to   

absence of 16S rRNA data from the colon digesta. Hence gut metabolites like 

secondary bile acids and betalain transformation in the colon could not be 

verified. 

- The nitrate levels in the RB diets were not quantified, hence it was difficult to 

correlate with increased lactate level in RB4 or phylum Proteobacteria. 

- Moreover, too close inclusion levels did not allow for evaluation of likely 

responses from intermediate doses. The research did not consider the bio-

accessibility and bioavailability of red beetroot to a large extent, hence could 

not infer reasons for lack of dose response in the result observed.  

5.8 Future work 

- Future work should, involve an in vitro experiment, that will enable the trial of 

the different (isolated and purified) constituent of red beetroot. The 

supplementation of weaned pig diet with pure compounds/betalains and 

bioactives from red beetroot will enable proper elucidation of the health 

benefits/ properties (antioxidative, anti-inflammatory etc.) attributed to red 

beetroot in weaned pigs.  

- A large-scaled (complete randomized block design) feeding trial involving 

sufficient number of replicates (8 -12 replicate; 8 to 10 pigs per replicate) 

employing the most effective component of red beetroot should be considered 

in the future. This will allow for comparison of growth responses between diet 

groups and enable understanding the role of red beetroot on growth, as well as 
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the most essential part of the plant to concentrate on to maximise benefit for 

animal production.  

- This study should incorporate different sampling time especially at the acute 

phase of post weaning changes (3 - 5 days), the adaptive phase (7-14 days) 

as well as the growers’ phase (15 days and beyond). This will aid tracking the 

most effective time and duration for feeding red beetroot to weaned pigs and a 

clue into the likely adverse effect it may present from short and long-term 

consumption. Also, the metabolism, bio-accessibility and availability of the 

bioactive compounds (betalains and polyphenols) in red beetroot can be 

studied efficiently.  

- Additionally, a wide range of doses should be tested before narrowing-in on 

most likely effective doses. Most studies have reported healthier benefits with 

low doses (e.g., 0.5 - 1.5%), hence future work could provide better elucidation 

towards decision on an effective dose.  

- There is dearth of information on the in vivo inflammatory response of pigs to 

red beetroot. Although, this was somewhat covered in this thesis, the transient 

nature of post weaning inflammation and the individual variability of the data 

flawed adequate elucidation of this response. The anti-inflammatory effect of 

red beetroot and betalain compounds have been reported in studies involving 

pathogenic challenge and oxidative stress induced by toxicant. Similarly, future 

studies in weaned pig should entail comparative response in pathogenic 

challenge and unchallenged animals/pigs to simulate the therapeutic role of red 

beetroot especially in contaminated or infection laden farms.  

5.9 Conclusion 

Red beetroot supplementation of weaned pig diet at 2% has the potential to replace 

pharmacological doses of ZnO in weaned pig diet without adverse effect to health or 

gut health. The gut health response observed with 2% red beetroot in weaned pig diet 

compares with in-feed ZnO (3000 mg/kg). There is also an added benefit of an 

improved anti-inflammatory and antioxidant response in weaned pigs undergoing post 

weaning stress and GIT dysfunction. In addition, the use of red beetroot in weaned 

pigs will contribute to sustainability of pig production, recycling of red beetroot waste 

and utilisation of natural compounds to tackle antimicrobial resistance and emerging 

antibiotics resistant species from animal production. Finally, this thesis provides first-
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hand information on the impact of red beetroot on the gut microbiota diversity and 

metabolite profile, gut structure integrity and barrier function, gut inflammation and 

immune response of weaned pigs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

150 
 

 

 : Appendix A 

Proposal to use animals for non-regulated scientific procedures at he registered premises 

of the University of Leeds 

No. 070519HM 

Section 1 Personal Details 

 

 

 

 

 

 

Title and name Professor Helen M Miller 

Department School of Biology, FBS 

Ext 0113 34 32842 

E-mail H.M.Miller@leeds.ac.uk 

Title of Project The effects of red beetroot fibre on gut 

health of weaner pigs 

Site where study to be undertaken 
University of Leeds Spen Farm,  

Spen Common Lane, Bramham, Tadcaster 

LS24 9NS 

Person/s who will be carrying out the work Opeyemi Adekolurejo 

Do you, or the person who will perform the 

study hold a personal licence under the 

Animals (Scientific Procedures) Act 1986? 

Yes 

 

If so please give details Applicant PIL number 

Researcher PIL Number 60/6544 

mailto:H.M.Miller@leeds.ac.uk


 

151 
 

 

Section 2 Project Details 

Description of work (include all intended manipulative procedures). 

Background  

Weaning is a critical period in a pig’s life and is often associated with decreased feed intake, poor growth 

rates and diarrhoea (Funderburke and Seerley, 1990; Lecce et al., 1979). In UK commercial practice pigs 

undergo an abrupt change from a liquid diet to a solid diet at weaning. The digestive system is ill prepared 

for this change which along with a reduction in feed intake may compromise small intestine structure and 

function. In addition to this many other stressors are imposed upon the pig such as; removal from the sow 

into a new environment and mixing with unfamiliar pigs (Lecce et al., 1979). Weaner diets are therefore 

formulated to try and promote optimal intake and growth performance during this stressful time. Traditionally 

in-feed antibiotics were included in weaner diets to help improve intake and performance, however due to 

concerns over antibiotic-resistance the European Union banned the use of in-feed antibiotics in livestock diets 

in January 2006. Currently inorganic Zn in the form of ZnO is a common recommendation to reduce post-

weaning diarrhoea and improve growth performance immediately post weaning, however the addition of ZnO 

at pharmacological levels (2,000 to 4,000 mg/kg) will be banned in the European Union from 2022 owing to 

environmental concerns due to the accumulation of zinc (Liu et al., 2018). 

Beetroot is a good source of antioxidants as well as containing other health promoting compounds (including 

nitrates and soluble fibre). It is often produced as whole beetroot powder or beetroot juice-powder, creating 

a more convenient way for humans to consume the vegetable and its health promoting compounds (Wootton-

Beard and Ryan, 2011). Beetroot fibre, a by-product of beetroot juice may be of interest to the pig industry 

as an inexpensive source of fibre with some antioxidant activity (Shyamala and Jamuna, 2010). Minimal 

levels of fibre can have a positive effect on gut health, supporting normal physiological activity, reducing the 

incidence of diarrhoea and consequently increasing post weaning performance and thus may be an alternative 

additive to ZnO.  

Objectives: 

To investigate the effects of beetroot fibre supplementation in weaner pig diets on post weaning performance 

and gut health.  

Hypothesis 

The addition of beetroot fibre will improve post weaning growth performance and gut health when compared 

to a control diet without pharmacological levels of ZnO.   

MATERIALS AND METHODS 

Description of the research products 

During the trial we will study the impact of whole beetroot powder (20% total fibre) added to weaner pig 

diets at 2% and 4% level of inclusion.  

Experimental design and diets 

The trial is a four-treatment design.   The replicate is the individual pig; there will be 12 pigs per treatment 

and 48 pigs in total. Pigs will be housed in pens of 6 with 2 pens per treatment generating a total of 8 treatment 

pens. 

At weaning, pigs will be offered one of four diets: 1) Control diet, 2) Control diet + ZnO, 3) Control + 2% 

whole beetroot powder 4) Control + 4% whole beetroot powder. The chosen percentages were selected based 

on the fibre level and commonly used levels of sugar beet pulp (Wang, L.F. et al., 2016; Yan, C.L. et al., 

2017b).  The control (diet 1) will be prepared (by a commercial diet manufacturer) in meal form and will 

provide enough nutrient to satisfy minimum requirements and normal growth performance. Diet 2 will be the 
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same as for the control diet plus ZnO at 3,100 mg/kg.  The control diet will be mixed with 2% or 4% whole 

beetroot powder to produce diets 3 and 4. Pigs will be fed and provided water ad libitum.  

Individually tagged pigs will be weighed and allocated to trial at approximately 28 days of age. Pigs will 

remain on trial for 14 days. Pigs will be allocated to one of four treatments (as above). Within replicate each 

treatment will be balanced for:    

•Group size (6 pigs per pen) • Group total weight •Gender profile  •Sow  

Growth performance  

Daily pen feed intake will be measured throughout the trial for 14 days. Pigs will be individually weighed at 

trial start and on day 7 and day 14. Feed will be sampled weekly for analysis. Faecal scores will be assessed 

and recorded daily in accordance with established protocol at the trial site. Pig health will be assessed and 

recorded daily in accordance with established protocol at the trial site. A record will be kept of any veterinary 

interventions; this to include the date, reason for administration, medication used, and the identification of 

the individual(s) treated. Any mortality will be recorded. 

At the end of the trial (day 14/15) all pigs will be euthanised by schedule 1 procedure. Pigs will be stunned 

using captive-bolt and then exsanguinated in accordance with the Animals (Scientific Procedures) Act 1986. 

Immediately following death, blood samples will be collected (from both portal and peripheral circulations 

into heparinized tubes). The gastrointestinal tract will be removed, and the pH of each section recorded. 

Mucosa samples will be collected for microbiome analysis. Tissue samples from the liver, kidney, spleen, 

lung and heart will also be collected and snap frozen.  

Give details of animal housing and husbandry procedures which apply to your work.  E.g., does the cage/pen 

space allocation (and other husbandry procedures) comply with the appropriate Home Office Code of Practice 

for the species and number of animals to be used? 

The study will be conducted at Spen Farm, University of Leeds Farms Ltd., Leeds, for 14 days. The pigs will 

be kept under commercial conditions on fully slatted floor pens (6 pigs per pen) throughout the trial with 4 

pens per room. Each pen measures 135 cm x 135 cm. Heating and ventilation will always be controlled 

reducing temperature over time from 30℃ at weaning to 26°C at day14. Each pen is equipped with an open 

trough and 2 nipple drinkers.  Food and water will be provided ad libitum throughout the trial. 

Has confirmation been obtained from the Home Office that the above protocol, as described, would not be 

considered to include any regulated procedure that would require it to be licensed under the Animals 

(Scientific Procedures) Act 1986.   

YES/NO delete as appropriate 

Date confirmation received from the Home Office  

Name of individual from whom has confirmation 

been received 

 

Signed 

 

 

Date  
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The Animal Welfare and Ethical Review Committee has considered the proposal  

Entitled: The effects of red beetroot fibre on gut health of weaner pigs 

 

Submitted by: Professor Helen M. Miller 

 

and accepts that, as written, it describes work which is not regulated under the Animals (Scientific Procedures) 

Act 1986 (as amended). 

This work may commence subject to the understanding that: 

1. Before any further changes are made to the protocol as written such changes must, in the first instance, be 

discussed with the NACWO and Named Veterinary Surgeon. 

 

2. The Animal Welfare and Ethical Review Committee will require the work to be stopped should it become 

known that changes have been made to the protocol without prior discussion. 

 

3. Any adverse signs shown by any animal on the study, irrespective of whether the study is considered to be 

or not to be the cause, must be reported to the NACWO and Named Veterinary Surgeon. 

 

4. No procedures other than husbandry procedures normal for the species may be applied. 

 

 

 Signed  ........S.K. Abbas......................................... Date  ......7 May 2019........... 

NVS & NTCO 

 Signed.................................................................. Date..................................... 

Named Animal Care and Welfare Officer 

 

 Signed.................................................................. Date..................................... 

Applicant 
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Appendix B 

 

Table 6.1: Composition of experimental diets  

Ingredients (%) 
Control 
(CON) 

Diet with 
ZnO 

(ZNO) 

2% red beetroot 
supplemented 

diet (RB2) 
4% red beet root 

supplemented diet (RB4) 

Barley 15.00 15.00 14.70 14.40 

Wheat raw whole meal 15.57 15.57 15.26 14.95 

 Wheat meal bulk 12.50 12.50 12.25 12.00 

Micronized maize bulk 2.50 2.50 2.45 2.40 

Micronized oats 5.00 5.00 4.90 4.80 

Fishmeal bulk 6.00 6.00 5.88 5.76 

Soya hypro 18.16 18.16 17.80 17.43 

Full fat soybean 2.50 2.50 2.45 2.40 

Pig weaner premix  0.50 0.50 0.49 0.48 

Whey powder bulk 13.89 13.89 13.61 13.33 

Potato protein 1.60 1.60 1.57 1.54 

Sugar/sucrose 0.63 0.63 0.61 0.60 

L-Lysine 0.28 0.28 0.28 0.27 

DL-Methionine 0.19 0.19 0.19 0.19 

L-Threonine 0.15 0.15 0.15 0.15 

L-Tryptophan  0.02 0.02 0.02 0.02 

L-Valine 0.04 0.04 0.04 0.04 

Vitamin E 0.04 0.04 0.04 0.04 

Pan-tek robust  0.02 0.02 0.02 0.02 

Sucram 0.01 0.01 0.01 0.01 

Benzoic acid 0.50 0.50 0.49 0.48 

Pigzin (zinc oxide) 0.00 0.31 0.00 0.00 

Di-calcium phosphate 1.13 1.13 1.11 1.08 

Sodium carbonate  0.05 0.05 0.05 0.05 

Sipernat 50 0.31 0.00 0.30 0.30 

Red beetroot powder 0.00 0.00 2.00 4.00 

Soya oil 3.40 3.40 3.33 3.26 

      
Calculated nutrient 
composition     

Dry Matter (%) 89.93 89.65 89.47 89.01 

Oil B (%) 6.55 6.55 6.41 6.28 

Crude Protein (%) 22.12 22.12 21.92 21.71 

Crude Fibre (%) 2.22 2.22 2.58 2.93 

Ash (%) 0.85 0.85 0.83 0.82 

Calcium (%) 0.71 0.71 0.69 0.68 
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Phosphorus (%) 0.45 0.45 0.44 0.43 

Sodium (%) 0.20 0.20 0.20 0.19 

Copper (mg/kg) 0.46 0.46 0.45 0.44 

Selenium (mg/kg) 12500.00 12500.00 12250.00 12000.00 

Vitamin A (IU/kg) 2000.00 2000.00 1960.00 1920.00 

Vitamin D3 (IU/kg) 300.00 300.00 294.00 288.00 

Vitamin E (IU/kg) 1.50 1.50 1.47 1.44 

Total Lysine (%) 1.35 1.35 1.32 1.30 

SID Lysine (%) 0.58 0.58 0.57 0.56 

Total Methionine (%) 0.54 0.54 0.53 0.52 

SID Methionine (%) 10.16 10.16 9.95 9.75 

NE Piglet (MJ/kg) 10.19 10.19 10.19 10.19 

      
Analysed nutrient 
Composition     

Ash (%) 6.80 7.50 6.70 6.60 

Ether Extract (%) 6.73 6.99 6.62 5.92 

Crude Protein (%) 21.30 21.30 20.70 20.40 

Crude Fibre (%) 1.90 1.50 1.80 2.20 

Zinc(mg/kg) 422.00 2252.00 193 187 
SID; standardised ileal digestibility 

 

 

Table 6.1b: Growth performance response and faecal score of weaned pigs 

Parameters CON ZNO RB2 RB4 SEM F  P value 

Initial BW (kg) 

Final BW (kg) 

Weight gain (kg) 

ADFI (kg/day) 

ADG (kg/day) 

FCR 

Faecal score 

7.90 

9.11 

1.21 

0.184 

0.086 

2.14 

 

7.64 

8.67 

1.04 

0.171 

0.074 

2.31 

 

7.69 

9.37 

1.67 

0.251 

0.119 

2.11 

 

8.02 

9.59 

1.57 

0.257 

0.112 

2.29 

 

0.186 

0.259 

0.214 

0.016 

0.016 

0.089 

 

0.021 

0.57 

0.48 

4.08 

0.49 

0.42 

0.883 

0.640 

0.700 

0.104 

0.684 

0.747 

 

Day 0 

Day 7 

Day 14 

2.5 

2.5 

2.0 

3.5 

2.0 

2.0 

2.0 

2.5 

2.0 

2.0 

2.5 

2.0 

0.354 

0.125 

0.000 

0.42 

1.05 

0.73 

0.108 

0.804 

1.000 

Values presented in mean, SEM- standard error of mean, CON, ZNO, RB2 and RB4 represents; control diet, diet supplemented 
with zinc oxide, 2% and 4% red beetroot respectively. ADFI; Average daily feed intake, ADG; Average daily gain, FCR; Feed 
conversion ratio. 
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Table 6.2a: Short chain fatty acid levels (mM) from experimental diet groups  
 

SCFA/ gut locations  Diets SEM P value 

CON ZNO RB2 RB4 L D L*D 

Acetate 

Plasma 1.59 1.48 1.86 1.37 0.148    

Jejunum 6.27 6.34 9.66 5.92 0.524    

Ileum 7.58 6.23 7.56 6.63 0.407    

Caecum 14.86 14.83 15.17 13.93 0.682    

Colon 14.97 12.62 11.12 13.95 0.608    

Faeces 23.87 13.26 18.44 14.84 1.618    

Total Acetate 69.14a 54.76b 63.81ab 56.64b 3.317 < 0.01 < 0.05 > 0.05 

Propionate 

Plasma 0.38 0.38 0.43 0.24 0.087    

Jejunum 1.13 1.32 1.63 1.16 0.077    

Ileum 1.57 1.52 1.74 1.58 0.050    

Caecum 6.57 4.96 5.56 5.75 0.317    

Colon 6.02 4.16 4.01 5.43 0.288    

Faeces 8.20 4.69 6.96 5.00 0.598    

Total Propionate 23.83a 17.04b 20.34ab 19.16b 1.421 < 0.05 < 0.01 < 0.01 

Butyrate 

Plasma 0.00 0.00 0.00 0.00 0.000    

Jejunum 0.00 0.21 0.00 0.00 0.052    

Ileum 0.07 0.16 0.46 0.24 0.060    

Caecum 2.86 2.22 2.50 2.28 0.140    

Colon 2.68 1.75 1.77 2.34 0.171    

Faeces 3.87 2.43 3.35 2.24 0.290    

Total Butyrate 9.48a 6.76b 8.08ab 7.09b 0.610 < 0.05 < 0.05 > 0.05 

Isobutyrate 

Plasma 0.00 0.00 0.00 0.00 0.000    

Jejunum 0.00 0.00 0.00 0.00 0.000    

Ileum 0.00 0.00 0.05 0.00 0.014    

Caecum 0.29 0.16 0.35 0.08 0.040    

Colon 0.55 0.57 0.33 0.35 0.056    

Faeces 1.75 0.88 1.06 0.43 0.242    

Total Isobutyrate 2.59a 1.60b 1.79b 0.86c 0.355 < 0.02 < 0.02 < 0.02 

Isovalerate  

Plasma 0.00 0.00 0.00 0.00 0.000    

Jejunum 0.00 0.00 0.00 0.00 0.000    

Ileum 0.00 0.00 0.00 0.00 0.000    

Caecum 0.03 0.02 0.05 0.00 0.010    

Colon 0.03 0.02 0.01 0.01 0.008    

Faeces 1.05 0.68 0.61 0.43 0.149    

Total Isovalerate 1.11a 0.71b 0.67b 0.44c 0.139 < 0.02 < 0.02 < 0.05 

Valerate 

Plasma 0.02 0.01 0.02 0.00 0.005    

Jejunum 0.00 0.00 0.00 0.00 0.000    

Ileum 0.00 0.00 0.00 0.00 0.000    

Caecum 0.35 0.18 0.08 0.09 0.036    

Colon 0.34 0.13 0.07 0.22 0.040    

Faeces 0.86 0.48 0.42 0.32 0.091    

Total valerate 1.55a 0.82ab 0.58b 0.63b 0.225 < 0.02 < 0.02 < 0.05 

Overall total SCFA 107.70a 81.69b 95.28a 84.82b 5.876 < 0.05 < 0.05 < 0.05 
Data expressed in mean for each diet and location; significant differences indicated by different letters along the column             
for the location and across the row for diets. Statistics computed in R using GLM for normalized data and negative binomial 
- link function for non-parametric and zero inflated data. CON, ZNO, RB2 and RB4 represents control diet, diets 
supplemented with zinc oxide, 2% and 4% red beetroot, respectively.  d overall mean for each location per SCFA, ep- value 
for effect of location, e p- value for significant effect of diets, g p- value interaction between location and diet. 
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Figure 6.2: Gut microbiota metabolite profile of weaned pigs (a) total short chain fatty 

acids (b) total bile acid in weaned pigs fed the experimental diets. (*, +) represents bile 

acid significantly higher (P < 0.001) in RB2 and ZNO fed pigs, respectively. THCA, 

taurohyodeoxycholic acid; GHDCA, glycohyodeoxycholic acid; TCA, taurocholic acid; GCA, 

glycocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; 

GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; CA, cholic acid; 

GLTHCA, glycolithocholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid and 

LCA, lithocholic acid. CON, ZNO, RB2 and RB4 represents; control, zinc oxide, 2% and 4% 

red beetroot supplemented diets, respectively.
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  Table 6.3a: Bile acid levels (nmol/g digesta) from diet groups and different locations evaluated 

Bile 

acids/total 

Diets Location Statistics P value 

CON ZNO RB2 RB4 Jejunum Ileum Caecum Colon Faeces eL fD gL*D 

THCA 40.74a 27.29b 16.88c 26.86b 64.91a 39.50b 2.63c 2.38c 2.35c   0.01 0.01  0.75  

GHDCA 33.78b 46.08a 25.76c 33.45b 80.67a 56.71b 0.58c 0.69c 0.40c 
ZNO * Jejunum (W = 2.03, P =0.02) 

RB2* ileum (Z = -1.97, P = 0.05) 

 

0.001   0.05 0.62 

TCA 1.50b 1.56b 1.96a 1.30b 1.49b 2.07a 0.72c 1.09c 0.96c  
 

0.001 

 

0.001 

 

0.001 

GCA 0.40b 0.47b 0.45b 1.37a 1.02a 0.97a 0.00c 0.09c 0.60b 
ZNO * Colon (Z = 0.00, P =1.00), 

RB4 *faeces (Z = -0.656, P = 

0.511) 

 0.05 0.05 0.05 

TCDCA 21.90a 8.89c 8.30c 15.09b 33.91a 16.25b 0.99c 1.07c 1.95c  
 

0.001 

 

0.001 
0.001 

TDCA 5.11a 3.42b 4.07ab 3.90b 5.61a 2.51b 2.48b 2.60b 3.30b 

 ZNO *Jejunum (t = -2.30, P =0.02). 

ZNO vs Jejunum (t value = -2.55, P 

= 0.01)   RB2 *Ile. (W = 1.60, P= 

0.04) 

 

 0.02 0.05  0.05 

GCDCA 15.42c 13.88c 35.91a 25.40b 46.83a 31.78a 4.04c 4.49c 3.47c 
RB2*Jejunum (Z = 2.19, P = 0.03). 

 
0.001 0.001  0.25 

GDCA 3.57b 4.91a 2.95c 3.26b 3.79a 1.79c 2.51b 2.77b 3.84a  0.001 0.001 0.05 

CA 3.80b 2.59c 4.23a 1.63d 3.85a 1.47b 1.69b 1.49b 3.75a  0.001 0.001 0.05 

GLTCA 2.11ab 1.99b 3.60a 1.96b 1.56c 1.31c 0.97d 2.19b 3.62a 
RB2* Faeces levels (Z = 2.910, P 

= 0.003). 
0.042 0.001  0.18 

CDCA 121.16b 72.28c 147.09a 74.32c 358.91a 44.68b 2.82d 4.80c 3.63c  0.001 0.001  .001 

DCA 0.10b 0.14b 0.31a 0.12b 0.00c 0.00c 0.00c 0.09b 0.58a  0.002  0.05 0.001 

LCA 134.25a 108.90b 118.20b 107.66b 10.18e 15.55d 50.37c 132.09b 260.81a  0.001  0.05 0.05 

Total bile 

acid/diet 
383.82a 292.391b 369.71a 296.33b 

     RB2 (Z = -1.70, P = 0.09), ZNO (Z 

=-1.99, P = 0.05), RB4 (Z = -2.34, 

P = 0.02) 

0.001  0.05 0.001 

Data expressed in mean for each diet and location; significant differences indicated by superscripts along the column within each diet group and location evaluated. Statistics computed in R using 
GLM for normalized data and negative binomial - link function for non-parametric and zero inflated data. CON, ZNO, RB2 and RB4 represents control diet, diets supplemented with zinc oxide, 2% 
and 4% red beetroot, respectively. ep - value for effect of location, f p- value for significant effect of diets, g p- value interaction between gut location and diet. Taurohyodeoxycholic acid (THCA), 
glycohyodeoxycholic acid (GHDCA), taurocholic acid (TCA), glycocholic acid (GCA), taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid (TDCA), glycochenodeoxycholic acid (GCDCA), 
glycodeoxycholic acid (GDCA), cholic acid (CA), glycolithocholic acid (GLTHCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA) and lithocholic acid.  
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Table 6.4: Alpha diversity measure in pig gut locations from the different diet groups 

Indices/ Gut 
locations 

Diets     P value 

CON ZNO RB2 RB4 eSEM fL gD hL*D 

Chao 1 Index 
Jejunum 
Ileum 
Caecum 
 

 
1552.62b 
1399.89b 
2108.29a 
 

 
1271.76b 
1278.95b 
2228.54a 
 

 
2198.48a 
1530.21b 
2253.18a 
 

 
1470.22b 
1186.38b 
2089.51a 
 

 
100.66 
72.21 
68.70 
 

< 0.001 0.01 0.12 

Shannon Index 
Jejunum 
Ileum 
Caecum 
 

 
2.44a 
2.84a 
2.92a 
 

 
2.71b 
2.69b 
4.11a 
 

 
2.55b 
2.82b 
3.67a 
 

 
2.66a 
2.56a 
2.83a 
 

 
0.10 
0.10 
0.18 
 

< 0.001 0.07 0.08 

Simpson Index 
Jejunum 
Ileum 
Caecum 

 
0.73 
0.81 

0.70 
 

 
0.76 
0.78 

0.89 
 

 
0.76 
0.79 
0.85 
 

 
0.77 
0.73 
0.71 
 

 
0.02 
0.02 
0.03 
 

0.58 0.16 0.18 

Data presented as mean of species richness and or evenness for each diet and gut location evaluated. Means with different 
letters along the columns are not significantly different. Diets: CON, ZNO, RB2, and RB4 represents; the control diet, diet 
supplemented with zinc oxide, 2% and 4% red beetroot supplemented diets respectively.   d overall mean for each gut location 
(jejunum, ileum and caecum) and all diet-mean (CON, ZNO, RB2 RB4), e Standard error of mean for each gut location and all 
diets, f P value for gut location, g P value for Diets, h P value of interaction between gut location and diets. 
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CON (a) 

 

CON (b) 

 

 

Figure 6.1: Differentially increased genera with CON diet between gut locations  

CON (a) caecum vs ileum; CON (b) caecum vs jejunum. 
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ZNO (a) 

 

ZNO (b) 

 

Figure 6.2: Differentially increased genera with ZNO diet between the gut locations ZNO 

(a) caecum vs ileum; ZNO (b) caecum vs jejunum. 
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RB2 (a)  

 

RB2 (b)  

 

RB2(c) 

 

Figure 6.3: Differentially increased genera with RB2 between gut locations 

 RB2 (a) caecum versus ileum; (b) caecum versus jejunum (c) jejunum versus ileum. 
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RB4 (a) 

  

RB4 (b) 

 

RB4(c) 

 

Figure 6.4: Differentially increased genera with RB4 diet between gut locations 

 RB4 (a) caecum versus ileum; (b) caecum versus jejunum (c) jejunum versus ileum. 
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Figure 6.5: Comparison of predicted gut microbial functions in pigs fed ZNO and RB2 

diet. No significant difference (P > 0.05) observed between functional pathways influenced by 

the diets. 
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Figure 6.6a: Spearman correlation analyses between top abundant bacteria genera and  
jejunal short chain fatty acids. Fatty acids omitted were not detected in the corresponding 
location hence not shown, color depth depicts correlation between genera and gut metabolite 
where red color denotes a positive correlation and blue color a negative correlation. The 
strength of association between the subjects is indicated by the color intensity, *** P ≤ 0.001, 
**P ≤ 0.01, *P ≤ 0.05). CON, ZNO, RB2 and RB4 represent control diet and diets 
supplemented with zinc oxide, 2% and 4% red beetroot respectively. 
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Figure 6.6b: Spearman correlation analyses between top abundant bacteria genera and  

ileal short chain fatty acids. Fatty acids omitted fatty acids were undetected in the 
corresponding location hence not shown, colour depth depicts correlation between 
genera and gut metabolite where red colour denotes a positive correlation and blue 
colour a negative correlation. The strength of association between the subjects is 
indicated by the colour intensity, *** P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05). CON, ZNO, RB2 
and RB4 represent control diet and diets supplemented with zinc oxide, 2% and 4% 
red beetroot respectively. 
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Figure 6.7a: Spearman correlation matrices between ilea genera abundance and bile 
acid levels.  Omitted bile acid (deoxycholic acid - DCA) was not detected in the jejunum for 
the pigs hence not shown. Correlation depicted by color depth, where red color denotes a 
positive and blue color a negative correlation. The strength of association between the 
subjects is indicated by the color intensity and *** P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05). CON, 
ZNO, RB2 and RB4 represent control and diets supplemented with zinc oxide, 2% and 4% 
red beetroot respectively. Taurohyodeoxycholic acid (THCA), glycohyodeoxycholic acid 
(GHDCA), taurocholic acid (TCA), glycocholic acid (GCA), taurochenodeoxycholic acid 
(TCDCA), taurodeoxycholic acid (TDCA), glycochenodeoxycholic acid (GCDCA), 
glycodeoxycholic acid (GDCA), cholic acid (CA), glycolithocholic acid (GLTHCA), 
chenodeoxycholic acid (CDCA) and lithocholic acid.  

 

 

 

 

 

 

 

 

 

 



 

168 
 

 

 

 

Figure 6.7b: Spearman correlation matrices between jejunal genera abundance and bile 
acid levels.  Bile acid (deoxycholic acid - DCA) omitted was not detected in the jejunum for 
the pigs hence not shown. Correlation depicted by color depth, where red color denotes a 
positive and blue color a negative correlation. The strength of association between the 
subjects is indicated by the color intensity and *** P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05). CON, 
ZNO, RB2 and RB4 represent control and diets supplemented with zinc oxide, 2% and 4% 
red beetroot respectively. Taurohyodeoxycholic acid (THCA), glycohyodeoxycholic acid 
(GHDCA), taurocholic acid (TCA), glycocholic acid (GCA), taurochenodeoxycholic acid 
(TCDCA), taurodeoxycholic acid (TDCA), glycochenodeoxycholic acid (GCDCA), 
glycodeoxycholic acid (GDCA), cholic acid (CA), glycolithocholic acid (GLTHCA), 
chenodeoxycholic acid (CDCA) and lithocholic acid.  
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Figure 6.8a: Predicted gut microbiota functions of weaned pig, comparisons between 

the diet CON and ZNO.  
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Figure 6.8b: Predicted gut microbiota functions of weaned pig, comparisons between 

the diet CON and RB2. 
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Figure 6.8 c, d and e: Predicted gut microbiota functions of weaned pig, comparisons 

between the diet CON and RB4, ZNO and RB4, RB4 and RB2. 
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Figure 6.9: Agarose gel electrophoresis of qPCR product. 

ML; (Molecular ladder), β-Actin; (ACTB), IL1β; (Interleukin 1B), IL2; (Interleukin 2), IL10; 
(Interleukin 10), TNF-α; (Tissue necrosis factor), IFN-Ɣ;- (INFG), FABP2; FABP6 - ( Fatty acid 
binding protein 2 and 6),  CLDN3; (Claudin 3), OCLN; (Occludin), ZO-1; (Zona occludens/ tight 
junction protein 1), Univ; (Universal Primer), Arkk; ( Akkermansia muciniphila), FB;  
(Faecalibacterium prausnitzii), LAB; (Lactobacillus spp), Lach; ( Lachnospiraceae spp). 
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Table 6.5: Correlation analyses between betalain compounds and antioxidant 

biomarkers in pigs fed red beetroot diets  

Correlation 
analyses  

Serum 
isobetanin 

Serum 
betanidin 

Plasma 
MDA  

Plasma 
GSH 

Hepatic 
CAT  

Hepatic 
SOD  

Hepatic 
GPX1a  

Serum betanin 
 
Correlation 
coefficient  
 
Sig. 

    
 
 

-0.71 
 

0.05 

   

Serum 
isobetanin 
 
Correlation 
coefficient 
  
Sig. 

   
 
 

0.73 
 

0.04 

 
 
 

-0.82 
 

0.01 

 
 
 

-0.84 
 

0.01 

 
 
 

- 0.87 
 

0.01 

 

Serum 
betanidin 
 
Correlation 
coefficient 
  
Sig. 

 
 
 

0.72 
 

0.04 

      

Serum 
isobetanidin 
 
Correlation 
coefficient  
 
Sig. 

  
 
 

0.72 
 

0.04 

     

Liver betanidin 
 
Correlation 
coefficient 
  
Sig. 

       
 
 

0.73 
 

0.05 
CAT- catalase, SOD - superoxide dismutase, GPX1a – Glutathione peroxidase, GSH – Glutathione, MDA - malondialdehyde.  
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