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ABSTRACT 

The gastrointestinal tract plays an essential role in maintaining overall health. It is 

vulnerable to oxidative stress that disrupts intestinal integrity, promotes inflammation, and 

impairs nutrient absorption. Oxidative stress is an imbalance between reactive oxygen 

species production and antioxidant defense. Glutathione (GSH) is a potent endogenous 

antioxidant that plays a crucial role in maintaining redox homeostasis and protecting 

intestinal cells from oxidative damage. The mechanisms by which oxidative stress affects 

gut health remain poorly understood. This research aimed to examine the impact of 

oxidative stress on gut health and the underlying mechanisms; and to explore whether 

dietary fiber and probiotics could alleviate oxidative stress and improve gut health. Study 

Ⅰ evaluated the effects of high- and low-fiber diets on intestinal oxidative stress in growing-

finishing pigs. Compared to the low-fiber diet, the high-fiber diet significantly reduced 

intestinal oxidative stress biomarkers and improved growth performance. Study Ⅱ 

examined the effect of E. coli infection on intestinal oxidative stress and the mechanisms 

involved in post-weaning piglets. E. coli infection is a major cause of post-weaning 

diarrhea in piglets. E. coli infection suppressed nuclear factor erythroid 2-related factor 2 

(Nrf2) signaling, reduced glutathione-synthesizing enzyme expression, and depleted serum 

and intestinal GSH level, decreased tight junction protein expression, increased intestinal 

permeability and elevated proinflammatory cytokines expression. Antibiotic treatment 

alleviated these effects. Supplementation with GSH restored Nrf2 expression, reduced 

proinflammatory cytokine expression, and mitigated epithelial oxidative damage. Study 

Ⅲ investigated the effects of probiotic Bacillus licheniformis HG76 on E. coli-induced 

oxidative stress in post-weaning piglets. The probiotic restored serum and intestinal GSH 
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levels and nuclear Nrf2 expression, upregulated glutathione-synthesizing enzymes 

expression, and reduced lipid peroxidation. It also enhanced tight junction protein 

expression and lowered proinflammatory cytokine expression. In conclusion, these studies 

demonstrate that oxidative stress contributes to intestinal dysfunction by suppressing Nrf2 

activation and GSH biosynthesis, leading to impaired gut health and growth performance. 

Dietary fiber and probiotics can enhance antioxidant capacity and maintain intestinal redox 

balance, thereby serving as effective strategies to mitigate oxidative damage and improve 

gut health in swine production. 
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1.1 General introduction 

The maintenance of intestinal health is the primary factor of effective nutrient uptake, 

immunity, and overall health in both animals and humans (Jacobi and Odle, 2012; De 

Santis et al., 2015). The intestine plays the role not only as a digestion and absorption site 

but also as a barrier which keeps pathogenic microorganisms, toxins, and antigens from 

the systemic circulation (Martel et al., 2022; Tang et al., 2022). A balanced gut 

environment is determined by tight junctions of the epithelial cell membranes, a proper 

microbial population, and a normal immune response (Peterson and Artis, 2014; Panwar et 

al., 2021). Disturbances in the gut environment lead to impaired growth, reduced feed 

efficiency, and increased susceptibility to diseases (Upadhaya and Kim, 2021). Among the 

factors that disrupt intestinal stability, oxidative stress is of increasing interest, which is 

related to its enormous impact on intestinal function and health status (Vona et al., 2021). 

It is believed that oxidative stress happens when the production of reactive oxidative 

species (ROS) is higher than the detoxifying capacity of endogenous antioxidants within 

the body, resulting in lipid peroxidation, protein oxidation, and DNA damage (Mirończuk-

Chodakowska et al., 2018). In the intestine, the higher levels of ROS damage tight junction 

proteins, such as occludin and zonula occludens-1 (ZO-1), disrupting the structure of the 

intestinal epithelium and allowing the dissemination of pathogens and endotoxins into the 

bloodstream (Rogers et al., 2023). The transport of these pro-inflammatory components 

across the intestinal barrier can worsen oxidative stress and create a feedback loop of 

inflammatory reactions (Lin et al., 2022). Some studies have shown that oxidative stress 

can reduce nutrient uptake, alter immune response, and impair growth performance in 

livestock (Yin et al., 2015; Chen et al., 2021a). Oxidative stress also leads to chronic 
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gastrointestinal disorders, malabsorption, and inflammatory bowel diseases in humans 

(Bourgonje et al., 2020; Oroian et al., 2021). Therefore, the ability to manage oxidative 

stress is crucial for preventing intestinal dysfunction, achieving better animal productivity, 

and human health. 

 

Due to the role of oxidative stress in the intestine, a variety of strategies have been 

developed to restore antioxidant levels and manage gut barrier function (Mo et al., 2022; 

Yan et al., 2024). One such nutritional strategy involves adjusting dietary fiber. Previous 

studies established that dietary fiber could alter gut fermentation patterns, increasing short-

chain fatty acids (SCFAs) and supporting beneficial microbial populations (Nogal et al., 

2021; Zheng et al., 2024). SCFAs such as butyrate have been shown to improve tight 

junction strength and stimulate antioxidant defense systems, potentially mitigating ROS-

induced damage (Russo et al., 2012; Wang et al., 2012). Despite these findings, the precise 

molecular mechanisms through which fiber improve redox balance remain unclear. 

Glutathione (GSH) is a crucial endogenous antioxidant that directly neutralizes ROS and 

preserves cellular redox balance (Kidd, 1997). Limited evidence exists on how fiber affects 

the regulatory pathways that govern glutathione biosynthesis. This lack of mechanistic 

insight hinders the development of precise fiber-based interventions that could consistently 

enhance antioxidant defenses, reduce oxidative damage, and ultimately improve intestinal 

health and productivity. 

 

In addition to dietary factors, intestinal oxidative stress can be caused by pathogenic 

infections, with enterotoxigenic Escherichia coli (ETEC) being a classic example in pigs. 
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ETEC infection commonly causes diarrhea and reduced performance in young animals, 

particularly weaned piglets, and poses a considerable burden in both livestock production 

and human health (Lee et al., 2017; Luise et al., 2020; von Mentzer and Svennerholm, 

2024). While the initial effects of ETEC are often related to fluid secretion and nutrient 

malabsorption, growing evidence shows that ETEC infection leads to redox imbalance 

(Tang et al., 2019). Such redox imbalances compromise tight junction proteins and drive 

systemic inflammation (Duan et al., 2022). The maintenance of GSH homeostasis is 

influenced by regulatory factors that respond to changes in redox status. Among these 

regulators, transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) plays a key 

role. Few studies are focused on the role of Nrf2 in regulating antioxidant responses and 

the enzymatic steps involved in GSH depletion under ETEC challenge. Furthermore, it 

remains unclear whether mitigating oxidative stress can also help restore tight junction 

integrity and improve overall gut health. Although antibiotics often reduce pathogen load 

during ETEC infection, overuse raises concerns about resistance and long-term 

sustainability. These limitations highlight the need for alternative methods that restore 

antioxidant capacity, improve barrier integrity, and minimize inflammatory damage. 

 

Probiotics offer a promising non-antibiotic approach to reinforce intestinal antioxidant 

defenses. They have gained attention for their capacity to improve gut health by modulating 

microbiota composition, enhancing immune responses, and potentially strengthening 

antioxidant defenses (Sáez-Lara et al., 2016; Bron et al., 2017; Plaza-Diaz et al., 2019). 

Some probiotics have been shown to reduce intestinal malondialdehyde (MDA), increase 

GSH content, and improve barrier integrity, aligning well with the goal of mitigating 
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oxidative stress (Petrova et al., 2021; Palkovicsné Pézsa et al., 2022). Bacillus licheniformis, 

a robust spore-forming bacterium, has emerged as a promising candidate in this regard. 

Previous studies have shown that Bacillus licheniformis supplementation increased 

antioxidant enzyme activities in the intestine and reduced indicators of oxidative damage 

(Yu et al., 2022b; Qin et al., 2024a). However, despite these encouraging findings under 

normal conditions, the effectiveness and mechanisms of Bacillus licheniformis in restoring 

antioxidant capacity during ETEC challenge remain insufficiently understood. 

 

To address these gaps, three complementary studies were conducted. Study 1 focused on 

dietary fiber and its effects on intestinal oxidative stress and redox balance. Study 2 

revolved around the ETEC infection model to characterize oxidative stress-related 

mechanisms in the gut. Study 3 specifically examined Bacillus licheniformis 

supplementation in the context of ETEC-induced oxidative stress. Building on earlier 

evidence that certain probiotics improve antioxidant status, this study aimed to confirm 

whether Bacillus licheniformis can restore GSH synthesis, enhance Nrf2-dependent 

antioxidant enzyme expression, and reduce ROS accumulation and inflammation under 

ETEC infection conditions. 

 

1.2 Intestinal structure and function 

1.2.1 Intestinal structure 

The intestine is a complex organ that not only has the ability to digest and absorb nutrients 

but is also the largest immune organ. The intestine is composed of multiple layers of special 

structures, which are mainly divided into mucosa (epithelium, lamina propria, muscularis 
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mucosae), submucosa and muscularis externa. Together, they form a hollow tube around 

the central lumen. The intestine is mainly divided into two parts: the large intestine and the 

small intestine. Their composition and structure are shown in Figure 1.1. 
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Figure 1.1 Composition and structure of small intestine and large intestine 

The intestine consists of multiple specialized layers, including the intestinal lumen, mucus 

layers (outer and inner mucus sublayers), epithelium, and lamina propria. The intestinal 

epithelium is composed of various cell types, including enterocytes, which absorb nutrients; 

goblet cells, which secrete mucins to form a protective barrier; Paneth cells, which produce 

antimicrobial peptides; microfold (M) cells, which facilitate antigen uptake; and 

enteroendocrine cells, which regulate gut function through hormone secretion. 

Additionally, immune cells such as dendritic cells and macrophages reside in the lamina 

propria, contributing to immune surveillance and maintaining intestinal homeostasis. 

These structures work together to form a complex intestinal barrier that enables both 

nutrient absorption and immune defense. This image is based on Dmytriv et al, 2024. 

Frontiers in Physiology © open access article distributed under the Creative Commons 
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Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited.  
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1.2.2 Physiological function of the intestine in humans and animals 

The gastrointestinal tract is a core of human and animal physiology and health, playing a 

crucial role in nutrient digestion, absorption and secretion as well as protecting against 

pathogenic agents or unwanted microbial and viral infections (Motta et al., 2021). 

Furthermore, the intestine has the unique regenerative property after any damage caused 

by infections, radiation, or other influences (Hageman et al., 2020). The body has a very 

sophisticated structure and physiology which are extremely adjusted to carry out these vital 

functions that regulate tissue growth and maintain a state of homeostasis in both humans 

and animals. 

  

1.2.2.1 Digestive and absorptive functions 

The main function of the gastrointestinal tract is digestion and absorption, which are the 

basic processes for the small and large intestine (Bany Bakar et al., 2023). The small 

intestine is provided with finger-like projections (villi) and microvilli that broaden the 

intestinal area to maximize the absorption of nutrients (Harnik et al., 2024). These 

structural adaptations allow the small intestine to efficiently absorb digested carbohydrates, 

proteins, and fats, which are first broken down by pancreatic enzymes and bile acids before 

being taken up by enterocytes (Yang et al., 2020). The small intestine is divided into three 

main sections: duodenum, jejunum, and ileum; each section plays a specific role in nutrient 

absorption (Zwick et al., 2024). In the duodenum, bile from the liver and digestive enzymes 

from the pancreas are released to begin the breakdown of fats, proteins, and carbohydrates 

(Ko et al., 2020). Jejunum is the main site for the absorption of most nutrients, including 

amino acids, monosaccharides, and fatty acids (Muramatsu and Winter, 2024). Then, the 
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ileum absorbs vitamins, such as vitamin B12, and reabsorbs 95% bile salts (Girard et al., 

2001; Deng and Bae, 2020). The large intestine involves the cecum, colon, and rectum. Its 

primary function is to absorb water and electrolytes from undigested food matter by 

osmosis and diffusion (Blachier et al., 2020). By compacting, it provides a way for solid 

feces to be formed, preventing dehydration by helping the body maintain fluid balance. 

Some studies have indicated that the colon is a rather effective organ in water and ion 

reabsorption, although different parts of it perform different functions (Phillips, 1969). For 

example, water absorption is primarily done by the ascending portion of the colon, while 

the descending portion continues when the stool accumulates (Jensen et al., 2023). Besides, 

a complex and dense community of microorganisms is housed within the large intestine, 

commonly referred to as the gut microbiota. Those bacteria ferment undigested 

carbohydrates, producing SCFAs such as butyrate, acetate, and propionate. These SCFAs 

serve as the primary energy source for colonic cells and positively impact their health 

(Nogal et al., 2021). Fermentation of food in the large intestine also contributes to the 

production of various vitamins, including vitamin K, which is important for blood clotting, 

and B vitamins (Daisley et al., 2021). 

 

Absorption of nutrients in the small intestine starts with enzymatic processes that break 

down large molecules into smaller ones for further absorption. Carbohydrates are degraded 

into monosaccharides via the hydrolysis by particular enzymes, such as amylase, while 

proteins are severed into amino acids by proteases, such as trypsin and chymotrypsin (Gray, 

1992; Gurumallesh et al., 2019) (Figure 1.2 A, B). Fats are emulsified by bile acids and 

then broken down into fatty acids and glycerol by lipase (Xu et al., 2021a) (Figure 1.2 C). 
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The degradation of the macronutrients into smaller molecules is followed by absorption 

into the enterocytes via various mechanisms depending on the type of nutrients, including 

passive diffusion, active transport, and endocytosis. The efficiency of digestion and 

nutrient absorption in the small intestine relies on its structure. It is also influenced by the 

movements of the gastrointestinal tract as well as the secretion of digestive enzymes 

(Mackie et al., 2020). The contribution of hormones, such as cholecystokinin and gastrin, 

in stimulating the secretion of bile and pancreatic enzymes is well-documented. These 

hormones also play a key role in facilitating and coordinating intestinal muscle movements, 

ensuring smooth and orderly transit of food through the gastrointestinal tract (Woźniak et 

al., 2021). Additionally, the intestinal crypts of Lieberkühn, located at the base of the villi, 

continuously generate new enterocytes to replace older or damaged cells, preserving the 

integrity and function of the intestine (Hohman and Osborne, 2022). 
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Figure 1.2 Gut epithelial metabolism 

(A) Carbohydrates are broken down into monosaccharides, such as glucose, galactose, and 

fructose, through enzymatic hydrolysis by carbohydrase. These monosaccharides are then 

transported into enterocytes via specific transporters, including glucose transporter 5 

(GLUT5) for fructose and sodium-glucose linked transporter 1 (SGLT1) for glucose and 

galactose, followed by glucose transporter 2 (GLUT2)-mediated transport into the 

bloodstream. (B) Proteins are degraded into peptides and amino acids by proteases, such 

as pepsin and trypsin. Brush border enzymes further hydrolyze peptides into amino acids, 

which are absorbed through various amino acid transporters and utilized in metabolic 

pathways like the TCA cycle. (C) Lipids undergo emulsification by bile salts and 

hydrolysis by lipases, yielding free fatty acids (FA), monoglycerides (MG), and cholesterol. 

These molecules are absorbed by enterocytes via transporters such as Niemann-Pick C1-
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like 1 (NPC1L1) for cholesterol and cluster of differentiation 36 (CD36) / fatty acid 

transport protein 4 (FATP4) for fatty acids. Once inside, they are re-esterified and packaged 

into chylomicrons for transport via the lymphatic system. This image is based on 

Schwärzler et al, 2024. Trends in Cell Biology © open access article distributed under the 

Creative Commons Attribution License, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

  



14 
 

1.2.2.2 Intestinal barrier function 

Another important role of the intestine is to act as a selective barrier, which controls the 

entry and exit of substances by allowing or blocking their passage, thereby determining 

which substances enter or leave the body (Paone and Cani, 2020). Indeed, the integrity and 

function of this barrier are essential to gut health. This multi-layered barrier allows 

nutrients and electrolytes to enter the bloodstream while preventing the harmful pathogens 

from entering the body (Régnier et al., 2021). The selective barrier is composed of several 

key components. In the lumen, digestive secretions such as pancreatic enzymes play an 

initial role in breaking down ingested bacteria and antigens (Sarowska et al., 2019). 

Commensal bacteria also contribute to the defense by producing antimicrobial substances 

that inhibit the colonization of pathogens (Buffie and Pamer, 2013). Additionally, close to 

the epithelium lies a critical protective zone consisting of the unstirred water layer, 

glycocalyx, and the mucus layer, which work together to prevent bacterial adhesion 

(Kraehenbuhl and Neutra, 2000). The mucus is produced by goblet cells, trapping harmful 

microorganisms and preventing their direct contact with the epithelial surface (Gustafsson 

and Johansson, 2022). Moreover, Paneth cells are located in the crypts of Lieberkühn and 

secrete antimicrobial peptides such as α-defensins and lysozymes, which help maintain 

microbial balance and neutralize pathogens (Jandl et al., 2024). Secretory immunoglobulin 

A (IgA), produced by plasma cells, also plays a crucial role in immune defense. It can bind 

pathogens and toxins to neutralize them (Pietrzak et al., 2020). 

 

Another line of defense involves the intestinal epithelial layer, which consists of tightly 

connected cells that control what passes between the intestinal lumen and the body. Tight 
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junction proteins, including claudins, occludin, and ZO-1, seal these epithelial cells 

together, allowing for the selective movement of water, ions, and nutrients while harmful 

substances are denied entry (Miner-Williams and Moughan, 2016). However, these 

junctions can be disrupted by inflammation, infections, or oxidative stress, leading to 

increased intestinal permeability, a condition known as “leaky gut” (Yu et al., 2022a). This 

breakdown of the barrier function has been implicated in various gastrointestinal diseases, 

including inflammatory bowel disease and celiac disease (John et al., 2011; Luissint et al., 

2016). The key layers of the intestinal barrier are shown in Figure 1.3. 
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Figure 1.3 Key layers of the intestinal barrier 

The intestinal barrier is composed of multiple layers, including the mucus layer, epithelial 

layer, and lamina propria, which work together to regulate selective permeability and 

immune defense. The mucus layer harbors the gut microbiota and contains 

immunoglobulin A (IgA) and defensins, which help prevent pathogen invasion. The 

epithelial layer consists of different cell types. Tight junctions, adherens junctions, and gap 

junctions maintain epithelial integrity by regulating intercellular permeability. The lamina 

propria contains immune cells such as dendritic cells and lymphocytes, which contribute 

to immune surveillance and response. This image is based on Sharma et al, 2020. 

Microorganisms © open access article distributed under the Creative Commons Attribution 

License, which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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1.2.2.3 Immune function  

The gastrointestinal tract is a central player in the body’s immune system, primarily 

through the gut-associated lymphoid tissue (Figure 1.4). Gut-associated lymphoid tissue 

constantly monitors the intestinal lumen for harmful pathogens while maintaining tolerance 

to beneficial microbes and dietary antigens, preventing unnecessary immune reactions 

(Fehervari and Kiyono, 2008). A key component of gut-associated lymphoid tissue is 

Peyer’s patches, which contain B cells, T cells, dendritic cells, and macrophages that 

maintain immune surveillance and trigger both humoral and cell-mediated immune 

responses (Jung et al., 2010; Da Silva et al., 2017). There are also some isolated lymphoid 

tissues in the large intestine, which are mainly composed of B cells (Mowat and Agace, 

2014). Enterocytes provide defense through the secretion of secretory IgA, an 

immunoglobulin that acts via the neutralization of pathogenic microbes before they cross 

the epithelial barrier (Ramanan and Cadwell, 2016). Intestinal epithelial cells are also 

invested in intraepithelial lymphocytes and macrophages, both capable of producing pro-

inflammatory cytokines like tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and 

interleukin-1 beta (IL-1β). These cytokines play an important role in initiating the 

inflammatory response during infection or after tissue injury (Zganiacz et al., 2004; 

Licastro et al., 2005; Neurath, 2014). Paneth cells secrete antimicrobial peptides, such as 

defensins and lysozyme, which help regulate the gut microbiota and resist harmful 

pathogens (Bevins and Salzman, 2011). The gut microbiota also plays a critical role in 

regulating the immune response by producing SCFAs, which supports the function of T 

regulatory cells that limit excessive inflammation and maintain immune tolerance 

(Omenetti and Pizarro, 2015; Kim, 2021).  
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Figure 1.4 Gut-associated lymphoid tissue 

The gastrointestinal tract is a key component of the body’s immune system, with gut-

associated lymphoid tissue serving as a primary site for immune surveillance and response. 

Antigens from the intestinal lumen are sampled by microfold (M) cells, which transport 

them to underlying immune cells in Peyer’s patches, specialized lymphoid structures in the 

intestinal epithelium. Within the lamina propria, immune cells such as dendritic cells, 

macrophages, B cells, T cells, and plasma cells coordinate immune responses. Secretory 

immunoglobulin A (IgA), produced by plasma cells, plays a crucial role in neutralizing 

pathogens. The activation of immune cells in gut-associated lymphoid tissue leads to 

antigen processing and migration to mesenteric lymph nodes, where immune responses are 

further orchestrated. Activated immune cells then enter the thoracic duct and circulate 

through the peripheral circulation, ultimately migrate back to mucosal effector sites to 
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maintain gut immune homeostasis. This image is based on Ruth et al, 2013. Journal of 

Animal Science and Biotechnology © open access article distributed under the Creative 

Commons Attribution License, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

  



20 
 

1.2.2.4 Secretory function  

Intestinal secretory function is critical in the dissolution and dilution of nutrients for their 

active transport, maintenance of gut hydration, and promotion of smooth intestinal mobility 

(Dolan et al., 2022; Gustafsson and Johansson, 2022). Goblet cells synthesize mucus, 

which is a physical barrier protecting the epithelium and enabling the smooth passage of 

gut contents (Johansson et al., 2011; Gustafsson and Johansson, 2022). Enterocytes secrete 

water and electrolytes to create an environment favorable for digestion and absorption 

(Wapnir and Teichberg, 2002). All these put together maintain intestinal homeostasis to 

support efficient functioning of the gastrointestinal tract. Secretion in the intestine depends 

on the movement of water and electrolytes into the lumen through osmotic gradients 

mediated by specific transport mechanisms involving the net movement of sodium coupled 

to the secretion of proton secretion, and/or solute-coupled water transport (Ruhr et al., 

2014). However, disruption caused by toxins, infection, or drugs may lead to excessive 

secretion manifesting as diarrhea or, less frequently, as dehydrating states (Bearcroft et al., 

1996; Koyyada, 2021; Kwiatkowska et al., 2021; van Hoffen et al., 2021; Biernbaum and 

Kudva, 2022). Neuroendocrine factors such as serotonin, vasoactive intestinal peptide, and 

substance P stimulate fluid secretion (McFadden et al., 1986; Grishina et al., 1998; Arcuni 

et al., 2000). Bacterial toxins, such as those from E. coli and Vibrio cholerae, activate 

chloride secretory pathways via cyclic adenosine monophosphate and cyclic guanosine 

monophosphate signaling with the subsequent outflow of sodium and fluid (Ramamurthy 

et al., 2020; Ye et al., 2024). The intestine also possesses mechanisms for opposing 

excessive secretion. Nutrients in the lumen stimulate the release of pro-absorptive 

hormones, which reduce fluid loss and restore balance (Asadpoor et al., 2021). Hormones 
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like neuropeptide Y and antisecretory factors play a role in this regulation (Anthone et al., 

1991; Johansson et al., 1997). Nitric oxide may act as a second messenger and, thus, 

influence the secretory-absorptive balance by affecting intracellular signaling pathways 

(Stoner et al., 2000). This complex regulatory system ensures that intestinal secretory 

processes support digestion while protecting against over-secretion and maintaining fluid 

and electrolyte homeostasis. 

 

1.3 Factors affecting intestinal health 

Intestinal health is critical for the overall growth, immunity, and performance of animals. 

A well-functioning intestine ensures optimal nutrient absorption, provides a barrier against 

pathogens, and supports immune responses. A variety of factors can disrupt the integrity 

and function of the intestinal system (Stoner et al., 2000). Changes in diet, the microbiome, 

the environment and an increase in stressors have been shown to impair intestinal health. 

These factors are often exacerbated during critical transition periods, such as the weaning 

period in piglets.  

 

1.3.1 Weaning stress 

Weaning is considered a critical and stressful period in the early life of piglets, during 

which there is a sudden transition from milk nutrition to solid feed. This transition is further 

intensified by separation from the sow and exposure to new environmental and social 

conditions. These changes result in significant dietary, environmental, and psycho-

emotional stress, affecting the structural and functional integrity of the gastrointestinal tract 

in piglets (Moeser et al., 2017). The rapid changes during weaning lead to a phenomenon 
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commonly referred to as weaning stress. Some studies have shown that weaning stress 

causes a decrease in villus height and the villus-to-crypt ratio as well as an increase in crypt 

depth (Wang et al., 2022b). These changes indicate impaired absorption capacity and 

intestinal health, which reduces the efficiency of nutrient absorption. Also, such a dramatic 

reduction in villus surface area seriously diminishes the capacity of the small intestine to 

handle the new solid food and might result in malabsorption with further stress on the 

digestive system (Stojanović et al., 2021). Furthermore, weaning is a process closely linked 

with impaired intestinal barrier function (Degroote et al., 2020; Stojanović et al., 2021). 

The intestinal epithelium normally serves as a protective barrier to pathogens. The impaired  

intestinal epithelium can lead to increased intestinal permeability (Akdis, 2021). This 

provides better opportunities for pathogenic bacteria such as ETEC to colonize the intestine, 

contributing to post-weaning diarrhea (Kim et al., 2022b). Disruption or reduction in tight 

junction proteins like ZO-1 and claudin-1 further increases intestinal permeability, 

permitting the translocation of toxins and harmful microorganisms into the blood, which 

can result in systemic infections (Ghosh et al., 2020; Li et al., 2020b). Along with physical 

barrier dysfunction and increased membrane permeability, weaning stress also promotes 

oxidative stress and inflammation, causing intestinal damage (Tang et al., 2022). In 

addition, weaning stress elevates ROS production, which overwhelms the gastrointestinal 

antioxidant defense and results in lipid peroxidation and protein oxidation of intestinal cells 

(Hussain et al., 2021). This leads to oxidative damage to the epithelial integrity, leading to 

intestinal permeability and inflammation, which alters gut function (Hussain et al., 2021). 

At this stage, higher levels of pro-inflammatory cytokines like TNF-α, IL-6, and IL-1β are 
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observed, promoting inflammation and intestinal dysfunction (Liu et al., 2024b). The 

negative impacts of weaning stress on swine gut health are shown in Figure 1.5. 
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Figure 1.5 Negative impacts of weaning stress on swine gut health 

The left panel illustrates a healthy intestine, characterized by well-structured villi and 

crypts, intact epithelial cells, and normal tight junctions, which maintain gut barrier 

integrity. The microbial community consists of a balanced population of commensal 

bacteria, helping to regulate gut homeostasis. The right panel illustrates the effects of 

weaning stress, which induces villous atrophy, disrupts tight junctions, and increases 

intestinal permeability, leading to a condition known as leaky gut. This disruption allows 

for the translocation of pathogenic bacteria, viruses, antigens, and toxins, triggering 

intestinal inflammation. This image is based on Wei et al, 2024. Animals © open access 

article distributed under the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work 

is properly cited.  
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1.3.2 Dietary factors 

Diet is one of the main factors regulating gut microbiota. Diet changes, such as weaned 

piglets switching from a milk diet to solid feed, can impair intestinal health and growth 

performance and increase disease susceptibility. This shift dramatically impacts the gut 

microbiome, affecting the digestion and absorption of nutrients in the intestine (Luo et al., 

2022b). Dietary fiber is critical for maintaining intestinal health by serving as a substrate 

for microbial fermentation (Qin et al., 2021). Fermentation can produce SCFAs such as 

butyrate, acetate and propionic acid (Hays et al., 2024). Among these, butyrate is 

particularly important for promoting epithelial cell proliferation, maintaining mucosal 

integrity, and supporting immune function (Lu et al., 2022). Also, butyrate maintains gut 

anaerobiosis and is essential for the growth of favorable bacteria and the prevention of 

pathogens, like Escherichia coli (E. coli) (Siddiqui and Cresci, 2021). A recent study has 

shown that gut protection can be enhanced with adequate amounts of fiber in the diet (Zou 

et al., 2018). Under this condition, the growth of pathogenic bacteria is inhibited, and 

beneficial gut microbes (such as Lactobacillus and Bifidobacterium) are nourished. These 

beneficial gut microbes are participating in maintaining intestinal mucosal protection and 

immune function (Bested et al., 2013; Dong et al., 2022). Some studies have shown that 

insoluble fibers can elevate levels of SCFAs and improve the intestinal mucosal barrier 

function, leading to a reduced incidence of post-weaning diarrhea (Chen et al., 2019, 2020; 

Uddin et al., 2023). Similarly, soluble fibers, such as oligosaccharides, promote SCFAs 

production, enhance gut barrier function, lower intestinal pH, and inhibit pathogenic 

bacteria (Zhang et al., 2022a). The positive effects of dietary fiber on swine gut health are 

illustrated in Figure 1.6.  
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Figure 1.6 The positive impacts of dietary fiber on swine gut health 

Prebiotic supplementation, primarily in the form of dietary fiber, promotes the modulation 

of gut microbiota, particularly by stimulating the proliferation of beneficial bacteria such 

as Lactobacillus and Bifidobacterium while inhibiting harmful bacteria. Fermentation of 

dietary fiber by gut microbiota leads to the production of short-chain fatty acids (SCFAs), 

including acetate, propionate, and butyrate, which provide multiple benefits. SCFAs 

contribute to pH reduction in the gut, creating an environment that limits the growth of 

pathogenic bacteria. Additionally, SCFAs enhance the secretion of antimicrobial peptides 

by the gut microbiota, further suppressing the proliferation and invasion of pathogens. This 

image is based on Megur et al, 2022. International Journal of Molecular Sciences © open 
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access article distributed under the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work 

is properly cited. 
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On the contrary, diets containing high-fat and low-fiber were associated with gut dysbiosis, 

a condition characterized by an imbalance in gut microbiota (Bailén et al., 2020). Dysbiosis 

can result in increased inflammation, reduced microbial diversity, and a higher risk of post-

weaning diarrhea (Han et al., 2023). A recent study has shown that insufficient dietary fiber 

in the diets of weaned piglets impairs intestinal health (Hu et al., 2023). Restoration of the 

microbial composition and gut homeostasis against these effects is the aim of dietary 

management, such as prebiotics and probiotics. Oligosaccharides, primarily fructo-

oligosaccharides and galacto-oligosaccharides serve as prebiotics, enhancing probiotic-

mediated benefits and regulating intestinal barrier and immune reactions (Hu et al., 2024). 

Similarly, probiotic Lactobacillus plantarum has been identified to reduce inflammation, 

prevent harmful bacteria from colonizing, and promote SCFAs production (Yue et al., 

2020). 

 

1.3.3 Infectious factors 

Intestinal health is easily affected by infections, especially in environments with poor 

hygiene. Some studies have shown that poor hygiene conditions can encourage the growth 

of harmful bacteria (including E. coli and Salmonella), increasing the risk of intestinal 

infection with harmful bacteria (Vukmirović et al., 2017; Wang et al., 2021; Soliani et al., 

2023). Enterotoxigenic Escherichia coli has been described as the most common 

diarrheagenic organism isolated from post-weaning piglets suffering from diarrhea. ETEC 

F4 and ETEC F18 are the most well-known in pig production, both of which can express 

specific fimbriae. These fimbriae bind to specific receptors on intestinal epithelial cells, 

allowing ETEC to colonize the intestine and cause infection (Kim et al., 2022b; von 
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Mentzer and Svennerholm, 2024). ETEC infection also results in economic losses due to 

reduced growth performance and increased morbidity and mortality (Wu et al., 2021b). 

Once ETEC has adhered to the intestinal epithelium, it secretes a variety of enterotoxins, 

the most significant being heat-labile toxin and heat-stable toxins (STa and STb) (Zhou et 

al., 2021a). These toxins disrupt electrolyte balance, leading to the hypersecretion of 

chloride ions and water into the intestinal lumen, resulting in watery diarrhea (Yamamoto 

et al., 2007). Labile toxin exerts its effects by activating adenylate cyclase, increasing 

intracellular cyclic adenosine monophosphate, which in turn triggers chloride and 

bicarbonate ion secretion while inhibiting sodium absorption (Keely and Barrett, 2022). 

This leads to massive fluid loss, dehydration, and potentially life-threatening diarrhea. 

Heat-stable toxin acts through guanylate cyclase, increasing cyclic guanosine 

monophosphate levels, which similarly causes chloride and water secretion (Lima and 

Fonteles, 2014). This toxin also exacerbates intestinal permeability by promoting the 

release of inflammatory cytokines such as IL-6 and interleukin-8, further disrupting the 

tight junction integrity of the intestinal epithelium. Additionally, Heat-stable toxin b 

interacts with calcium channels on enterocytes, leading to elevated intracellular calcium 

levels, contributing to increased paracellular permeability and fluid loss (Nassour and 

Dubreuil, 2014). 

 

Maintaining a strong gut barrier is essential for gut health, which relies on the epithelial 

cell layer sealed by tight junctions. ETEC severely damages this barrier, increasing 

intestinal permeability (Yi et al., 2021). It disrupts the expression and distribution of tight 

junction proteins like occludin, claudins, and ZO-1 (Yang et al., 2014). During infection, 
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ETEC produces heat-labile and heat-stable toxins (STa and STb) that target epithelial cells, 

impairing tight junction function (Ngendahayo Mukiza and Dubreuil, 2013). This 

disruption weakens the barrier, increasing paracellular permeability and facilitating the 

passage of pathogens and toxins through the epithelial layer. The broken intestinal barrier 

can also result in bacterial translocation, where bacteria or their components invade 

normally sterile tissues, such as the mesenteric lymph nodes, liver, and spleen (Rogers et 

al., 2023). Previous studies have shown that tight junction protein loss is closely associated 

with inflammatory pathway activation, increasing the expression of pro-inflammatory 

cytokines such as IL-6, TNF-α, and IL-1β. The inflammatory responses further weaken the 

tight junctions (Ji et al., 2013). This cytokine-mediated disruption enhances the paracellular 

movement of water, electrolytes, and harmful pathogens across the epithelium (Perdue and 

McKay, 1994). Studies have also demonstrated that during ETEC infection, the villus 

height is reduced, and the crypt depth increases, which further impairs nutrient absorption 

and exacerbates the severity of diarrhea (Yang et al., 2014). ETEC infection also activates 

the innate immune response in the gut, attracting neutrophils and macrophages to the 

infection site (Noel et al., 2018). These immune cells produce reactive oxygen species and 

pro-inflammatory cytokines, leading to oxidative stress and damaging tight junctions 

(Yang et al., 2013). Additionally, lipopolysaccharides from ETEC bind to epithelial 

receptors, triggering inflammatory cascades that degrade the epithelial barrier (Finamore 

et al., 2014). This disruption increases diarrhea risk and systemic infections as bacteria and 

toxins enter the bloodstream. The impacts of ETEC on swine gut health are shown in Figure 

1.7. 
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Figure 1.7 The impacts of enterotoxigenic Escherichia coli (ETEC) on swine gut 

health 

The infection begins with the ingestion of ETEC (Step 1), followed by attachment of ETEC 

to epithelial receptors via fimbriae (Step 2). Once attached, ETEC colonizes the small 

intestinal epithelium and releases enterotoxins (Step 3), which disrupt the intestinal barrier, 

leading to increased gut permeability and excessive secretion of water and electrolytes into 

the intestinal lumen (Step 4). This results in severe diarrhoea (Step 5), which negatively 

affects pig health and performance, contributing to reduced productivity, increased 

mortality, and impaired growth performance. This image is based on Kim et al, 2022. 

Frontiers in Immunology © open access article distributed under the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 
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Other pathogens also have a severe impact on pig intestinal health. Some studies have 

shown that bacteria such as Salmonella spp., Clostridium difficile, Lawsonia intracellularis, 

and Brachyspira hyodysenteriae disrupt gut function by colonizing the intestines, 

impairing the mucosal barrier, and increasing inflammation (Patel and McCormick, 2014; 

Sánchez de Medina et al., 2014; Vannucci and Gebhart, 2014; Quintana-Hayashi Macarena 

et al., 2017). Among these, Salmonella spp. is an occasional source of enteritis and 

systemic infections and Clostridium difficile causes severe colitis, diarrhea, and tissue 

damage. Viruses also contribute to intestinal damage in pigs. Viruses like porcine 

reproductive and respiratory syndrome virus, porcine epidemic diarrhea virus, and 

rotavirus impair the intestinal epithelium cells, inhibit nutrient absorption, and increase 

inflammation (Wang et al., 2019b; Amimo et al., 2021; Zhao et al., 2021). Parasites, 

including Ascaris suum and Isospora suis, can also damage the intestinal epithelium cells 

(Worliczek et al., 2009; Koehler et al., 2021). This disruption leads to poor nutrient 

absorption and diarrhea, exacerbating the overall health challenges faced by infected pigs. 

 

1.4 Intestinal health in swine 

Maintaining a healthy intestine has always been a key aspect of livestock production. A 

healthy intestine not only provides effective digestion and nutrient absorption, but also 

supports the immune defense and overall growth performance of the pigs. A well-

functioning intestine is critical to improving animal welfare, physiological and mental 

wellness, and growth performance (Celi et al., 2017). Moreover, the intestinal system of 

pigs is complex and relatively stable and is highly susceptible to numerous factors, 

resulting in huge economic losses (Tang et al., 2022). The growth of pigs is commonly 
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divided into piglet and growing-finishing stages, each characterized by distinct intestinal 

developmental profiles and functional requirements. 

 

1.4.1 Piglets 

Intestinal development at the piglet stage is essential to support the rapid growth and 

overall health of the pig. After birth, piglets undergo rapid growth and significant intestinal 

development, including increased villus height, providing a stronger structural basis for 

efficient nutrient absorption. (Li et al., 2022b). In this early life stage, maternal milk 

delivers vital nutrients and key immune factors (immunoglobulins) to set up an early 

intestinal barrier and minimize pathogen invasion (Li et al., 2022a). As the diet switches 

from milk to solid feed and the environment and psychology become challenging, the 

piglet’s intestine suffers significant stress after weaning (Tang et al., 2021). A significantly 

observed alteration in the intestinal structure during weaning is the villus height decreasing 

and crypt depth increasing, which results in decreased absorptive capacity and increased 

gut permeability (Shi et al., 2022). These changes make piglets susceptible to 

gastrointestinal health issues, such as diarrhea (Su et al., 2022a). Therefore, a healthy 

intestine during the weaning period typically exhibits relatively high villus height and 

shallow crypt depth to support optimal nutrient absorption. 

 

1.4.2 Growing-finishing pigs 

The pig’s intestine gradually adapts to more complex and varied solid feed in the growing-

finishing stage. Compared to piglets, the intestinal structure in growing pigs is more mature, 

with increased small intestine length and significantly expanded surface area to meet the 
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high energy and protein intake required for rapid growth (Pluske, 2016). Meanwhile, 

digestive enzyme activity increases further, enabling the intestine to efficiently process 

complex nutrients from solid feed. At this stage, the criteria for evaluating intestinal health 

focus on digestive and absorptive efficiency, stability of the villi and crypts, and integrity 

of the gut barrier. Villus height and crypt depth remain stable in growing pigs, ensuring 

continuous and efficient nutrient absorption. Meanwhile, the integrity of tight junction 

proteins maintains an effective gut barrier, preventing pathogens and toxins from entering 

the bloodstream. Growing pigs also exhibit a stronger adaptive capacity to the changes in 

diet and environment, which is beneficial for maintaining a healthy intestinal environment 

in high-density farming conditions (Jha and Berrocoso, 2015). The significant differences 

in intestinal structure and function between growing pigs and piglets reflect their changing 

nutritional requirements. Piglets rely on the nutrients and immune components in maternal 

milk to support the initial gut barrier and immune function, whereas growing pigs rely on 

their developed digestive enzyme systems and stable gut barrier to ensure efficient nutrient 

utilization and a healthy growth environment. 

 

1.5 Oxidative stress and gut health 

Oxidative stress refers to an imbalance between the production of ROS and the body’s 

ability to detoxify these reactive radicals (Sies and Jones, 2020) (Figure 1.8). Under normal 

conditions, ROS play essential roles in cellular signaling and defense mechanisms (Sies 

and Jones, 2020). However, when ROS are produced in excess, these free radicals can 

damage the antioxidant defense system, leading to modification of proteins, lipids and 

DNA within cells, thereby affecting cell function and viability (García-Sánchez et al., 
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2020). For pigs, regulation of oxidative stress is crucial for maintaining gut health, 

optimizing growth, and ensuring resilience against various environmental stressors. 
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Figure 1.8 Redox homeostasis 

Oxidative stress arises when there is an imbalance between ROS overproduction and the 

body's antioxidant defenses. Factors such as dietary composition, environmental stressors, 

and infections contribute to excessive ROS generation, including superoxide anion (O₂⁻•), 

hydrogen peroxide (H₂O₂), and hydroxyl radicals (•OH). To counteract oxidative damage, 

the body relies on endogenous and exogenous antioxidants, including superoxide 

dismutase (SOD), glutathione (GSH), and catalase (CAT). When ROS levels exceed 

antioxidant capacity, oxidative stress leads to damage of proteins, lipids, and nucleic acids, 

ultimately contributing to the development of various diseases. 
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1.5.1 Impact of oxidative stress on intestinal health 

Oxidative stress is well recognized as a damage mechanism within the gastrointestinal 

tract, because of the gastrointestinal tract’s key role as the major barrier to ingested 

antigens, pathogens, and environmental toxins (Vona et al., 2021). High concentrations of 

reactive oxygen species can lead to severe damage to the cell, including lipid peroxidation, 

protein breakdown, and even DNA damage in the epithelial cells of the intestine (García-

Sánchez et al., 2020). This leads to intestinal barrier impairment and increased 

permeability, enabling the leakage of pathogens and toxins and increasing the risk of 

systemic infection. Reactive oxygen species also target tight junction proteins (occludin 

and ZO-1), which are key in maintaining selective gut permeability (Paradis et al., 2021). 

Damage to these proteins results in a loss of barrier function, allowing endotoxins and 

microbes to translocate into the bloodstream, driving inflammation and even gut-related 

inflammatory diseases such as inflammatory bowel disease (Ghosh et al., 2021). In 

addition, oxidative stress alters mucus and immune barriers leading to impairments in 

nutrient absorption and intestinal health (Wang et al., 2020b). 

 

Enterocytes, the main absorptive cells of the intestinal lining, are also susceptible to 

oxidative stress (Rath and Haller, 2022). Very high ROS levels can cause enterocyte 

apoptosis, leading to epithelial integrity loss and worsening intestinal barrier function 

(Sundaram et al., 2019; Xu et al., 2021b). In addition, oxidative stress can reduce the 

function and expression of important transport proteins, thereby affecting the absorption of 

nutrients. These proteins mainly include specialized proteins that help transport nutrients 

(glucose, amino acids and lipids) across cell membranes (Rummel and Butterfield, 2021; 
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Kotlyarov and Kotlyarova, 2022; Tang and Xiong, 2022). Under oxidative stress 

conditions, downregulation of these transporters can lead to reduced nutrient absorption 

efficiency and, consequently, nutrient deficiencies. Such nutrient deficiencies are 

particularly severe during periods of rapid growth, as they can prevent optimal health. 

 

The effects of oxidative stress extend to inflammatory signaling pathways, where persistent 

oxidative imbalance triggers a chronic low-grade inflammatory response (Raut and Khullar, 

2023). This process attracts immune cells, such as macrophages and neutrophils, to the site 

of damage. These cells release pro-inflammatory cytokines, including TNF-α and IL-6, 

which further compromise tight junction proteins and worsen epithelial barrier 

dysfunction. A cyclical relationship between oxidative stress, inflammation, and increased 

gut permeability leads to chronic nutrient malabsorption and contributes to conditions 

similar to inflammatory bowel disease due to prolonged immune activation (Tian et al., 

2017). 

 

1.5.2 Common factors causing oxidative stress in the gut 

In livestock production, numerous factors contribute to oxidative stress in the 

gastrointestinal tract. Dietary composition plays a primary role, as diets high in fats and 

low in fiber are known to increase ROS production significantly (Ye et al., 2022). High-fat 

diets, especially those containing polyunsaturated fats, promote lipid peroxidation, 

resulting in harmful lipid peroxides that can damage enterocytes (Rohr et al., 2020). This 

effect is exacerbated by inadequate fiber intake, which limits the production of SCFAs like 

butyrate (Khoshbin and Camilleri, 2020). SCFAs have essential anti-inflammatory and 



39 
 

antioxidative properties that help reinforce gut barrier integrity and maintain redox balance 

(Huang et al., 2021). When SCFAs production is insufficient, as is often the case in animals 

fed processed and low-fiber feeds, the gut’s protective capacity is compromised, allowing 

ROS accumulation and contributing to gut permeability and inflammation (Tan et al., 

2023). 

 

Environmental stressors also significantly contribute to oxidative stress, particularly in 

high-density farming systems. Heat stress is a widespread issue, as temperature fluctuations 

in densely populated environments activate the hypothalamic-pituitary-adrenal axis, 

releasing stress hormones that elevate ROS production (Goel et al., 2021). This ROS surge 

impairs immune function and damages the gut epithelium, reducing its ability to absorb 

nutrients effectively (Yun et al., 2020). 

 

Pathogen exposure is another critical factor in oxidative stress within the gut. Enteric 

pathogens, such as E. coli and Salmonella, produce endotoxins that invade the gut lining 

and trigger an inflammatory response, significantly increasing ROS production (Chanin et 

al., 2020; Xia et al., 2020). Mycotoxins, toxic compounds produced by fungi in 

contaminated feed, further exacerbate oxidative damage. Aflatoxins and fumonisins, 

commonly found in low-quality feed, interfere with antioxidant defense by depleting 

glutathione levels and impairing antioxidant enzyme function, thus weakening the gut’s 

capacity to counteract oxidative stress (Chen et al., 2021b; Mavrommatis et al., 2021). The 

combination of pathogens and mycotoxins creates an environment highly susceptible to 

infections, inflammation, and reduced nutrient absorption, severely impacting animal 
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health and performance. In summary, factors such as diet composition, environmental 

conditions, pathogens, and toxins (endotoxins, mycotoxins) all converge to elevate 

oxidative stress within the gastrointestinal tract. This multifaceted stress environment 

disrupts gut integrity, immune function, and nutrient absorption, ultimately impacting 

overall health and productivity in livestock systems. 

 

1.5.3 Antioxidants 

Antioxidants play a crucial role in maintaining intestinal health through mechanisms 

including scavenging of reactive oxygen species and defense against oxidative stress-

induced injuries (Forman and Zhang, 2021). Indeed, the role of both endogenous (derived 

from the body’s metabolism) and exogenous (received through intake) antioxidants are 

critical in fighting oxidative stress to preserve the function of the gastrointestinal tract, 

especially under challenging conditions. 

 

A number of enzymes, including superoxide dismutase (SOD), catalase, and glutathione 

peroxidase (GSH-Px), are responsible for the body’s endogenous antioxidant defense 

systems against the effects of ROS (Yu et al., 2016). As SOD catalyzes the conversion of 

superoxide radicals into hydrogen peroxide, it confers to the first line of defense (Zheng et 

al., 2023). There are several isoenzymes of SOD located in different cellular compartments. 

SOD1 in the cytosolic compartment, and SOD2 in the mitochondrial compartment, 

catalyze dismutation of cell superoxide radicals (Qin et al., 2024b). This 

compartmentalization is critical for safeguarding cellular structures, such as mitochondria, 

which are particularly susceptible to oxidative damage due to their involvement in energy 
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production (Vázquez-Meza et al., 2023). Catalase reacts with the produced hydrogen 

peroxide, converting it into water and oxygen (Baker et al., 2023). Catalase is 

predominantly localized in peroxisomes and plays a crucial role in a secondary line of 

defense by rapidly removing hydrogen peroxide in order to prevent its accumulation to 

toxic levels (George, 1947). Importantly, this enzyme is especially relevant in enterocytes, 

as these cells are in direct contact with diets and microbial metabolites, which can induce 

ROS (Meijnikman et al., 2024). Catalase prevents oxidative stress from exceeding the gut 

threshold to preserve cell viability and protect intestinal barrier function. Another key 

enzyme is GSH-Px, which uses GSH as a cofactor to eliminate peroxides and lipid 

peroxides that are particularly toxic to cells through redox reactions (Brigelius-Flohé and 

Maiorino, 2013). GSH-Px plays a key role in suppressing lipid peroxidation, in which ROS 

damage the polyunsaturated fatty acids of the cell membrane, thus disrupting membrane 

fluidity and integrity. This is particularly important in the intestine, where the enterocyte 

membranes play an essential role in the absorption of nutrients and barrier integrity. GSH-

Px protects the structure of these membranes and accounts for their selective permeability 

by detoxicating lipid peroxides (Brigelius-Flohé and Maiorino, 2013). 

 

One of the most important endogenous antioxidants is glutathione, a tripeptide formed of 

glutamate, cysteine and glycine (Georgiou-Siafis and Tsiftsoglou, 2023). Glutathione is 

abundant in enterocytes and shows multifunctional properties in maintaining cellular redox 

homeostasis. As a primary substrate of GSH-Px, glutathione is essential for detoxifying 

peroxides and preventing oxidative stress. It also participates in radical scavenging and 

helps detoxify xenobiotics through conjugation reactions (Georgiou-Siafis and Tsiftsoglou, 



42 
 

2023). These antioxidant and detoxifying functions are particularly crucial in the 

gastrointestinal tract, which is frequently exposed to dietary toxins, pathogens, and 

environmental pollutants. Thus, preserving glutathione levels is crucial for antioxidant 

defense and general detoxification in the intestinal epithelium. Glutathione synthesis is 

limited by the availability of cysteine, an amino acid that serves as a precursor in 

glutathione synthesis. Cysteine or cysteine precursor (methionine) rich diets are 

demonstrated to increase GSH level and improve gut’s tolerance to oxidative stress (Wang 

et al., 2024a). During phases of increased oxidative stress, such as weaning or disease 

exposure, demand for GSH can exceed its rate of natural synthesis, highlighting the 

importance of maintaining GSH homeostasis. 

 

In addition to these core enzymes and non-enzymatic antioxidant GSH, other antioxidant 

proteins and gut systems also help manage oxidative stress. For example, peroxiredoxins 

and thioredoxins are key in reducing peroxides and restoring antioxidant capacity 

(Sadowska-Bartosz and Bartosz, 2023). In particular, peroxiredoxins can degrade 

hydrogen peroxide and organic hydroperoxides, enhancing intestinal antioxidant defense 

(Dagdeviren et al., 2022). They partially synergize and support SOD, catalase, and GSH-

Px in the neutralization of the different types of ROS. 

 

Exogenous antioxidants obtained from the diet can enhance endogenous defense 

capabilities and further resist oxidative stress. Dietary antioxidants, including vitamins C 

and E, selenium, and polyphenols, may also improve the intestinal antioxidant properties. 

Vitamin E is a fat-soluble antioxidant that protects cellular membranes by preventing lipid 
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peroxidation and stabilizing free radicals. Vitamin C, a water-soluble antioxidant, further 

supports the overall antioxidant capacity by supporting vitamin E regeneration and 

scavenging reactive species (Traber, 2024). Selenium being an important part of GSH-Px 

enhances its ROS-scavenging activity in intestine (Chen et al., 2023b). Polyphenols, 

particularly those derived from plants such as flavonoids, promote gut health through the 

neutralizing of ROS and exert anti-inflammation effects (Kanner, 2023). These compounds 

have been proven to affect the production of cytokines, which result in reduced 

inflammation induced by oxidative stress (Winiarska-Mieczan et al., 2023). In addition, 

polyphenols also contribute to the development of beneficial gut microbiota, which further 

promotes the stability of the intestinal environment, decreases oxidative pressure and 

maintains the intestinal barrier function (Xie et al., 2023). They serve in a supportive role, 

as a complement to the essential role played by endogenous antioxidants to preserve 

intestinal homeostasis and protect against damage caused by ROS. 

 

1.5.4 Mechanisms of oxidative stress  

It is well-established that oxidative stress has significant impact on intestinal health through 

several cellular mechanisms, which in turn affect the structural integrity of the intestine, 

nutrient absorption, immune response and overall homeostasis. Nevertheless, the 

mechanisms are quite complex and involve several interrelated cellular processes. 

 

Lipid peroxidation is one of the first and most serious effects of oxidative stress in the 

intestine in which ROS react with the polyunsaturated fatty acids of cell membrane. This 

reaction causes a self-propagating lipid peroxidation chain, generating reactive aldehydes 
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such as MDA and 4-hydroxynonenal (Zhang et al., 2023). These by-products cross-link 

membrane proteins, alter membrane fluidity and disrupt cell integrity. In intestinal 

epithelial cells, lipid peroxidation impairs tight junction proteins (occludin, claudins and 

ZO-1) (Zeng et al., 2024). The destruction of tight junctions weakens the intestinal barrier, 

triggering systemic inflammation. In addition, lipid peroxidation by-products act as 

signaling molecules, exacerbating oxidative stress, activating inflammatory pathways and 

further amplifying ROS production, thus creating a vicious cycle of oxidative and 

inflammatory damage (Ngendahayo Mukiza and Dubreuil, 2013). 

 

The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway is a key regulator of the 

antioxidant response in cells. Under normal conditions, Nrf2 binds to its inhibitor protein, 

Kelch-like ECH-associated protein 1, in the cytoplasm. During oxidative stress, ROS 

induce the dissociation of Nrf2 from Kelch-like ECH-associated protein 1, allowing Nrf2 

to translocate to the nucleus and where it initiates transcription of antioxidant genes such 

as glutathione-S-transferase, NAD(P)H dehydrogenase, and heme oxygenase-1 (HO-1) 

(Suzuki et al., 2023). While the activation of the Nrf2 pathway provides a protective 

response, excessive oxidative stress can impair its function, reducing the expression of 

crucial detoxifying enzymes. This impairment weakens cellular resilience against ROS, 

leaving the epithelial cells vulnerable to oxidative damage and reducing their ability to 

repair the intestinal barrier. Although compounds like sulforaphane and curcumin have 

shown promise in activating Nrf2, chronic oxidative stress can diminish the pathway’s 

effectiveness, allowing oxidative damage to accumulate over time (Geertsema et al., 2023). 
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Oxidative stress serves as a potent trigger for the activation of inflammatory pathways, 

notably the nuclear factor kappa B (NF-κB) pathway (Shi et al., 2023). ROS act as 

secondary messengers in this pathway by activating IκB kinase, which phosphorylates the 

NF-κB inhibitor IκB. Phosphorylated IκB is subsequently degraded, allowing NF-κB to 

translocate into the nucleus, where it promotes the transcription of pro-inflammatory 

cytokines such as TNF-α, IL-6, and IL-1β (Li et al., 2024; Mukherjee et al., 2024). These 

cytokines amplify the inflammatory response by recruiting immune cells, including 

macrophages and neutrophils, to the site of tissue damage. Infiltrating immune cells further 

release ROS and pro-inflammatory mediators, establishing a feed-forward loop that 

exacerbates oxidative stress. This persistent oxidative-inflammatory milieu disrupts 

intestinal homeostasis by impairing nutrient absorption, compromising epithelial barrier 

integrity, and altering gut microbiota composition (Sun et al., 2024). Prolonged activation 

of NF-κB under conditions of oxidative stress leads to inflammation and the production of 

ROS, aggravating gut dysfunction and heightening susceptibility to infections and 

metabolic disturbances (Li et al., 2023a). 

 

The body’s redox balance is heavily dependent on GSH, a major antioxidant that scavenges 

ROS and maintains redox homeostasis within cells. In response to oxidative stress, GSH is 

rapidly oxidized to its disulfide form (GSSG) (Chai and Mieyal, 2023). The GSH/GSSG 

ratio serves as a sensitive marker of cellular redox status, with a low ratio indicating high 

oxidative stress. Prolonged ROS exposure depletes GSH, impairing the cell ability to 

detoxify ROS effectively (Georgiou-Siafis and Tsiftsoglou, 2023; Giustarini et al., 2023). 

This depletion is particularly harmful to intestinal cells, as the intestine needs the 
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synergistic action of glutathione and enzymes such as glutathione peroxidase to prevent 

oxidative damage to cell membranes. As glutathione levels decline, the detoxification of 

ROS is impeded, leading to ROS accumulation and cell damage. A reduction in glutathione 

also means less support for key antioxidant enzymes, which further weakens the 

antioxidant defenses of the cells, impairs the integrity of the intestinal barrier and 

exacerbates inflammation (Halliwell, 2024).  

 

Mitochondria are essential for adenosine triphosphate production and are also major 

contributors of cellular ROS (Martini and Passos, 2023).Under normal conditions, ROS 

are byproducts of adenosine triphosphate production in the mitochondrial electron 

transport chain (Nolfi-Donegan et al., 2020). ROS are mainly produced at complexes I and 

III, where some electrons can leak from the electron transport chain and react with oxygen, 

forming superoxide radicals (Okoye et al., 2023). These ROS act as signaling molecules in 

vital processes like gene expression and apoptosis; however, excessive amounts can lead 

to cellular damage (de Almeida et al., 2022). To control ROS levels, cells use antioxidant 

defenses such as superoxide dismutase, catalase, and glutathione peroxidase (de Haan et 

al., 2003). This balance between ROS production and removal helps maintain healthy ROS 

levels, supporting normal cell function and stability. However, under oxidative stress, the 

electron transport chain malfunctions, leading to increased electron leakage and enhanced 

ROS production (Afzal et al., 2023). ROS-mediated mitochondrial DNA and protein 

damage can disrupt mitochondrial function, creating a vicious cycle of impaired adenosine 

triphosphate synthesis and ROS production (Shimura, 2023). Mitochondrial-induced 

apoptosis damages the intestinal epithelial layer, increasing its permeability and exposing 
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the host to pathogens and toxins (Alula et al., 2023). At the same time, oxidative stress can 

affect the function of the endoplasmic reticulum, which is essential for protein folding and 

lipid processing. An oxidative imbalance in the endoplasmic reticulum can lead to the 

accumulation of misfolded proteins and trigger the unfolded protein response (Ong and 

Logue, 2023). Although initially aimed at restoring endoplasmic reticulum homeostasis by 

reducing the protein load and increasing the activity of chaperone proteins, sustained 

endoplasmic reticulum stress can activate apoptotic pathways and further generate ROS, 

thereby exacerbating cell damage (Chen et al., 2023a). Sustained endoplasmic reticulum 

stress can also stimulate inflammatory pathways, especially NF-κB and mitogen-activated 

protein kinase, which amplify ROS production and perpetuate the cycle of oxidative 

damage (Akhter et al., 2023). Mitochondrial and endoplasmic reticulum dysfunction can 

cause intestinal cell apoptosis and adenosine triphosphate depletion, which can severely 

damage intestinal integrity and increase inflammation (Li et al., 2023c). 

 

1.6 Inflammation and gut health 

Gastrointestinal inflammation is a complex, multifaceted process that can affect intestinal 

function, nutrient absorption, immune balance and overall health. This section will explore 

the interplay between oxidative stress and inflammation in the gut, the factors that 

contribute to gut inflammation and the mechanisms by which inflammation is expressed in 

the gastrointestinal system. Gut inflammation involves immune cell activation, cytokine 

release and molecular signaling pathways. When these processes are dysregulated, 

impairment of intestinal integrity and function occurs. 
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1.6.1 Association between oxidative stress and inflammation 

Oxidative stress and inflammation are closely connected biological processes. In the 

gastrointestinal tract, excess ROS induce cellular damage that triggers inflammatory 

signaling pathways (Campbell and Colgan, 2019). ROS compromise key cellular 

components and directly impairing cell function and structural integrity, which increase 

intestinal permeability (Aviello and Knaus, 2017). Compromised barrier allows antigens 

and endotoxins from the lumen to enter the systemic circulation, further amplifying 

inflammatory responses and recruiting immune cells to the site of damage (Ma and Morel, 

2022). When ROS levels overwhelm the gut’s antioxidant defense, a cycle of oxidative 

stress and inflammation is established, perpetuating tissue damage and barrier dysfunction. 

In addition to cellular damage, ROS play a signaling role in activating key transcription 

factors that are involved in inflammation (Priya Dharshini et al., 2020). NF-κB is activated 

in response to oxidative stress and promotes the transcription of pro-inflammatory 

cytokines such as TNF-α, IL-6, and IL-1β (Li et al., 2020a). This amplification loop 

between oxidative stress and inflammation forms a self-perpetuating cycle that exacerbates 

gut health issues, contributes to chronic inflammation, and leads to structural and 

functional deterioration of the gut barrier (Mazumder et al., 2022). 

 

1.6.2 Common factors causing inflammation in the gut 

Multiple internal and external factors contribute to inflammation in the gut, particularly in 

intensive farming environments. Dietary composition plays a significant role, as diets high 

in saturated and trans fats with low fiber content can promote inflammatory responses (Ye 

et al., 2021). High-fat diets generate pro-inflammatory byproducts, whereas low fiber 
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intake limits the production of short-chain fatty acids that are the key compounds in 

supporting gut barrier integrity and mitigating inflammation (Bilal et al., 2022). Without 

sufficient short-chain fatty acids, the gut loses the vital anti-inflammatory support, making 

it more prone to inflammatory responses (Zhang et al., 2022c). Environmental stressors 

such as high-density living conditions, fluctuations in temperature, and inadequate 

sanitation further exacerbate intestinal inflammation (Irwin, 2023). Another important 

factor driving inflammation is dysbiosis of gut microbiota. The balance of gut microbiota 

is directly involved in immune stability, but dysbiosis leads to overgrowth of pathogenic 

bacteria, which produce endotoxins that activate inflammatory signaling (Baldelli et al., 

2021). This kind of imbalance causes a disturbance in the production of cytokines, leading 

to enhanced inflammatory stress and reduced barrier function of the gut (Barbara et al., 

2021). Pathogen (E. coli and Salmonella) exposure also induces gut inflammation (Zhao et 

al., 2022). These pathogens destroy epithelial cells, producing toxins that stimulate immune 

responses through the release of pro-inflammatory cytokines (Huang et al., 2022). This 

immune activation disrupts tight junctions between epithelial cells, increasing gut 

permeability (Stephens and von der Weid, 2020). These factors work together to impair the 

integrity of the intestinal structure and function, weaken its innate defenses and drive it into 

chronic inflammation. 

 

1.6.3 Mechanisms of inflammation 

The inflammatory response in the intestines is a complex interplay between innate and 

adaptive immune pathways (Deets and Vance, 2021). Cytokines, immune cells and 

signaling pathways that respond to oxidative damage and microbial invasion play an 
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integral role in coordinating the body’s defense mechanisms, but they can also exacerbate 

tissue damage in chronic diseases. The inflammatory response is mediated by key 

cytokines such as TNF-α, IL-6, and IL-1β. These cytokines are released by immune cells, 

specifically macrophages and neutrophils, in response to increasing levels of ROS and 

microbial invasion (Pidwill et al., 2021). For example, TNF-α promotes this inflammatory 

feedback loop by inducing continued ROS generation in tissues, thus further promoting 

tissue damage (Velatooru et al., 2021). While IL-6 and IL-1β also promote inflammation 

by attracting more immune cells to the site of injury, they increase the secretion of 

cytokines and lead to increased levels of ROS (Pyrillou et al., 2020). This cytokine cascade 

promotes chronic inflammatory status that impairs gut health and integrity. 

 

NF-κB is a critical transcription factor in inflammatory gene expression induced by 

oxidative stress and pathogen invasion. In this pathway, ROS serve as secondary 

messengers that promote the activation of IκB kinase and consequently results in the 

phosphorylation and degradation of IκB, the inhibitor of NF-κB (Wang et al., 2016). In this 

way, following being released from its inhibitor, NF-κB migrates into the nucleus and 

activates the production of proinflammatory cytokines. In chronic inflammatory conditions, 

the sustained activation of NF-κB promotes low-grade inflammation that gradually 

weakens the gut barrier, increasing susceptibility to pathogens and toxins. 

 

Toll-like receptors and other pattern recognition receptors are crucial in detecting 

pathogen-associated molecular patterns on invading microbes (Janssens and Beyaert, 

2003). The activation of Toll-like receptors initiates downstream inflammatory processes, 
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including cytokine release and ROS production, as a rapid response to infection. While 

Toll-like receptor signaling is vital for pathogen defense, unchecked Toll-like receptor 

activation can lead to chronic inflammation and tissue damage. For instance, Toll-like 

receptor 4 is particularly responsive to lipopolysaccharides from Gram-negative bacteria, 

triggering significant cytokine release and ROS production that can contribute to prolonged 

inflammation (Cochet and Peri, 2017). 

 

The inflammasome, especially the NLR family pyrin domain containing 3 inflammasome, 

is a multi-protein complex that responds to cellular stress signals, including ROS and 

microbial toxins (Jo et al., 2016). Once activated, the inflammasome facilitates the 

processing of the pro-inflammatory cytokines IL-1β and interleukin-18 into their active 

forms, amplifying the inflammatory response. This activation can exacerbate intestinal 

inflammation and has been implicated in the pathogenesis of inflammatory bowel diseases, 

where persistent inflammasome activation contributes to chronic mucosal damage, 

impaired epithelial barrier function, and sustained immune dysregulation (Zhen and Zhang, 

2019). 

 

1.7 Management of gut health in swine 

The maintenance of gut health is the most important aspect in the swine industry because 

it is directly related to animal welfare, productivity, and disease resistance. The 

gastrointestinal tract is an organ that is highly important for absorption, immune function, 

and growth. It is quite easily exposed to infections and environmental stress. Maintaining 
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optimal gut health is challenging in modern swine production due to high stocking density 

and increased risk of pathogen exposure under poor hygiene conditions. 

 

1.7.1 Challenges in the swine industry 

Modern swine production faces many issues that challenge gut health, among which high-

density housing is the most important. This approach is designed to optimize space for 

economic profits but at the same time raises the stress level for animals and leads to the 

rapid spread of gastrointestinal pathogens (Zeng et al., 2022). High-density farming 

weakens the immune system by raising stress hormones like cortisol, which suppress 

immune responses and make pigs more susceptible to gut infections caused by pathogens 

such as E. coli, Salmonella, and other enteric bacteria (Li et al., 2022b). Another major 

challenge that swine will encounter early is weaning. The weaning process may introduce 

physiological and psychological stress in animals, leading to poor feed intake, imbalance 

of gut microbiota, and disruption of gut permeability (Tang et al., 2022). Such a phase leads 

to a very common disease of the piglet called post-weaning diarrhea due to enteric 

pathogens like E. coli. Weaning stress also imposes a challenge to the immature gut 

immune system, inducing inflammation, oxidative stress, and nutrient malabsorption, 

affecting growth rate and health outcome (Qiao et al., 2023). 

 

The composition of the diet further influences gut health in swine. High-energy diets, 

which are usually designed to maximize growth, often have inadequate levels of fiber, 

leading to reduced production of beneficial SCFAs that support gut barrier integrity and 

microbiota balance (Deehan et al., 2024). As a result, these low-fiber diets can disturb gut 
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microbiota, impair immune function, and make animals vulnerable to dysbiosis, therefore 

increasing inflammation and oxidative stress (Gill et al., 2021). Additionally, seasonal and 

temperature variations in agricultural regions, particularly during summer, introduce 

stressors that not only affect digestive function and feed utilization but also create 

additional gut health challenges (Lee et al., 2020). Mycotoxins in feed are another frequent 

environmental contaminant. Mycotoxins, including aflatoxin and fumonisin, threaten gut 

integrity, as they promote oxidative stress and immune responses in pigs resulting in a 

higher susceptibility to gastrointestinal infections and systemic diseases (Mavrommatis et 

al., 2023). Indeed, better control of these environmental and dietary challenges is critical 

to supporting gut health, reducing disease incidence, and optimizing growth and 

productivity. 

 

1.7.2 Use of antibiotics in the past 

Antibiotics are very important to gut health and infectious diseases management in the 

swine industry. Low-dose antibiotic growth promoters have been used in practice for 

several decades to improve body weight gain and feed conversion efficiency, while 

reducing incidence of disease (Brown et al., 2017). Antibiotics are efficient in keeping gut 

pathogens low and reducing subclinical infections. Generally, this improved gut health and 

growth performance of the animal (Luise et al., 2022). Preventive use of antibiotics also 

contributed to reduced mortality, especially during sensitive periods such as at weaning, 

when piglets are more susceptible to gastrointestinal disturbance (Diana et al., 2019). 

Antibiotics improve gut health through multiple mechanisms: 1) antibiotics decrease the 

loads of pathogenic bacteria in the gastrointestinal tract which limit the competition for 
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nutrients; 2) antibiotics prevent the pathogenic bacteria overgrowth, which help to maintain 

a healthy microbial balance, reduce inflammation, and facilitate better absorption of 

nutrients; 3) preventing bacterial overload reduced the metabolic cost of responding to 

infection, allowing energy to be diverted towards growth rather than disease defense. In 

contrast, therapeutic use of antibiotics involves higher doses used for a defined period to 

treat bacterial infections. This is essential for managing acute diseases such as respiratory 

or enteric infections and is generally administered based on clinical diagnosis. Unlike 

growth promotion, therapeutic antibiotic use is typically time-limited and targeted, though 

concerns remain regarding antimicrobial resistance even with judicious application. 

 

1.8 Exploring alternatives to antibiotics 

Because of the increased prevalence of antibiotic-resistant bacteria, the animal production 

industry has been urged to transition from using antibiotic growth promoters to alternative 

solutions. In particular, the swine industry has struggled to keep their animals productive 

and healthy without the use of antibiotics. Antibiotic alternatives are crucial for sustainable 

swine production, animal welfare, and satisfying consumers who prefer meat from animals 

raised without in-feed antibiotics. 

 

1.8.1 The need to explore alternatives to antibiotics 

Historically, antibiotics have played a dual role in swine production. They have not only 

treated and prevented infections but have also been used as growth promoters to improve 

feed efficiency and growth rates. However, the widespread use of antibiotics in livestock 

production raised significant public health concerns, primarily due to the emergence of 
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antibiotic-resistant bacteria (Muteeb et al., 2023). The overuse and misuse of antibiotics in 

animal agriculture led to the development of multidrug-resistant pathogens, which posed a 

risk not only to animal health but also to human health through zoonotic transmission 

(Chechet et al., 2023). Antibiotic residues in meat products and the spread of resistant 

bacteria to humans prompted regulatory agencies to take actions (Monger et al., 2021). The 

European Union banned the use of antibiotic growth promoters in 2006, and similar 

restrictions were followed in other parts of the world, including the United States and 

Canada (Ager et al., 2023). Phasing out of antibiotic growth promoters proves challenging 

for the pig industry, particularly gut health and growth performance without antibiotic 

usage. This highlights the need to identify alternative approaches to promote gut health, 

prevent disease, and sustain productivity. 

 

1.8.2 Current approaches to manage gut health  

Gastrointestinal health and performance are challenged in the absence of antibiotic growth 

promoters and need a multi-faceted approach. This encompasses management and 

nutritional strategies that limit stress and promote a healthy intestinal environment. 

Optimal stocking densities, good ventilation, and keeping animals in comfortable living 

conditions form the cornerstone of good husbandry practices that minimize stress-related 

intestinal problems. It has been shown that a reduction in stress levels increases immune 

function and reduces the necessary application of antimicrobial treatments (Kim et al., 

2022b). Some studies have found that better integrity of gut associated with better 

environmental conditions could improve pigs resistance to infectious disease without the 

use of antibiotics (Gardiner et al., 2020). From a nutritional perspective, precision feeding 
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is part of restoring immunity and gut functions (Sasson et al., 2021). It controls the diet to 

just an appropriate amount of energy, proteins, and micro-nutrients, decreasing metabolic 

stress to ensure enhancement in immune functions (Shao et al., 2021). Feed quality control 

is another major point, particularly reducing mycotoxin contamination, which may induce 

oxidative stress response and alter gut integrity. Nutritional strategies including the 

addition of high-quality proteins and bioactive compounds are also useful in maintaining 

gut health, especially during weaning (Ma et al., 2022). Additionally, the use of natural 

compounds and feed additives as substitutes for antibiotics is gradually becoming a 

promising strategy for gut health. 

 

1.8.3 Common antibiotic alternatives 

Various feed additives have recently proven their efficacy as antibiotic alternatives, each 

showing a unique mechanism to promote gut health, immunity, and growth performance 

in swine production. Diets without antibiotics have led to the use of alternatives, which 

consist of probiotics, prebiotics, organic acids, phytogenics and enzymes (Silva Júnior et 

al., 2020). Probiotics are beneficial bacteria that can colonize the gut and inhibit the 

overgrowth of pathogenic microbes, supporting a balanced gut microbiota (Shi et al., 2021). 

In weaned piglets, Lactobacillus plantarum CAM6 administertion improved growth 

performance and immune parameters of the animals by increasing the level of IgA in serum, 

without negative effects on animal health (Betancur et al., 2020). This suggests that 

probiotics may be useful alternatives of antibiotic growth promoters to modulate gut 

homeostasis and boost immune ability during the stress of weaning. Prebiotics are non-

digestible fibers that selectively nurture pro-health bacteria of the gut (Hayhoe et al., 2022). 
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They increase the production of short-chain fatty acids such as butyrate, which are 

important energy substrates for colonocytes as well as critical mediators of gut barrier 

integrity and anti-inflammatory effects. By stimulating a beneficial microbiota profile, 

stabilizing microbiota and preventing the colonization by pathogenic bacteria, prebiotics 

enhance gut health (Li, 2021). Other potential antibiotic alternatives are organic acids, 

including butyrate and formic acid (López-Colom et al., 2020; Dahmer et al., 2022). They 

can lower pH in the gastrointestinal tract, hence restricting the growth of pathogenic 

bacteria. Some studies have shown that formic acid significantly reduce diarrhea score and 

improve feed conversion ratio in weaned piglets, suggesting its ability to act as a strong 

alternative to antibiotics for gut health intervention (Dahmer et al., 2022). Phytogenics are 

plant-derived compounds such as essential oils and flavonoids that can provide many 

benefits in diets for pigs (Chang et al., 2022). They have antimicrobial, anti-inflammatory 

and antioxidant properties, modulate the gut microbiota, and help to improve nutrient 

absorption and feed intake (Chang et al., 2023). Some studies have indicated that oregano 

essential oil may serve as a bioactive compound with antimicrobial properties and may be 

a natural alternative to antibiotics to suppress Gram-positive and Gram-negative pathogens 

without compromising growth performance (Serrano-Jara et al., 2024). To enhance the 

digestibility of nutrients, enzymes like β-mannanase are employed for the degradation of 

complex constituents of the feed that may favor the proliferation of harmful bacteria (Jang 

et al., 2024b). Supplementation with β-mannanase has been shown to greatly reduce post-

weaning diarrhea in piglets, hence minimizing the use of antibiotics and supporting optimal 

gut health in this critical phase (Jang et al., 2024a). Overall, the absence of antibiotic 

growth promoters requires an integrated approach to support gut health and productivity in 
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swine production. Improved management practices, precision nutrition, and viable 

alternatives including probiotics, prebiotics, organic acids, phytogenics, and enzymes will 

enable the swine industry to reduce antibiotic use in a sustainable manner that continues to 

ensure good animal welfare and performance. 

 

1.8.4 Probiotics 

Probiotics are one of the most widely researched and used compounds in animal feed, with 

antibiotic-like effects. Probiotics are live microorganisms, most commonly beneficial 

bacteria, which provide health benefits to the host when supplied in sufficient amounts 

(Muwonge et al., 2021). Most strains of probiotic bacteria administered within swine are 

from Lactobacillus, Bifidobacterium, Bacillus, and Enterococcus (Castillo Zuniga et al., 

2024). Probiotics contribute to gut health through various mechanisms. Probiotics play a 

role in maintaining a balanced gut microbiota by competing with pathogenic bacteria for 

nutrients and adhesion sites in the gut lining (Muwonge et al., 2021). This competitive 

exclusion is important as it prevents the colonization of pathogenic bacteria such as E. coli 

and Salmonella, which are well-known to cause gastrointestinal disorders (Song et al., 

2023). A recent study has shown that Lactobacillus plantarum can produce antimicrobial 

compounds such as bacteriocins which competitively exclude the growth of these 

pathogenic microorganisms, reducing gut infection and helping maintain the balance of gut 

microbiota (Chen et al., 2022a). Probiotics not only inhibit pathogenic bacteria through 

competitive exclusion but also actively modulate the host immune system. They influence 

the mucosal immune response by stimulating the production of secretory IgA, which serves 

as the first line of defense against enteric pathogens. Among probiotic strains, 
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Bifidobacterium species have been noted for their ability to enhance sIgA levels, thereby 

strengthening the gut’s immune barrier and promoting intestinal homeostasis (Abdi and 

Ranjbar, 2022). Probiotics also interact with gut-associated lymphoid tissues, which in turn 

enhances the action of immune cells including the macrophages and dendritic cells (Shi et 

al., 2020). In addition, probiotics strengthen intestinal barrier function by enhancing the 

expression of tight junction proteins (Bhat et al., 2020). Thus, probiotics prevent the 

translocation of toxins and pathogens across the intestinal barrier, thereby reducing 

systemic inflammation and improving gut health. A recent study has shown that 

Lactobacillus rhamnosus GG enhances the expression of tight junction proteins, resulting 

in a stronger gut barrier and preventing leaky gut (Mao et al., 2020). Moreover, probiotics 

produce beneficial metabolites like short-chain fatty acids, such as butyrate, propionate, 

and acetate. These short-chain fatty acids are the energy source of colonocytes, maintain 

the gut-barrier functions, and have anti-inflammatory effects (Kim, 2021). For example, 

butyrate has been studied in its important role in promoting epithelial cell proliferation and 

reducing inflammatory responses in the gut, contributing to gut health (Liang et al., 2022). 

Overall, probiotics act through a variety of mechanisms, including direct antimicrobial 

effects, alteration in the immune response, as well as improvement of gut barrier functions. 

It is worth noting that such an addition in swine production not only results in the reduction 

of antibiotics use, but also improves growth performance, feed utilization and animal health. 

 

1.8.5 Fibers 

Dietary fibers, as functional constituents of swine diets, have gained increasing interest as 

promising non-antibiotic strategies to enhance gut health and promote growth performance. 
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There are certain types of fibers that have been identified in recent research that are key to 

maintaining and improving gut health. Dietary fibers are generally divided into soluble and 

insoluble types. Those with proven health benefits are referred to functional fibers. Soluble 

fibers, including inulin and pectin, dissolve in water and are fermented by gut microbiota 

to produce short-chain fatty acids (Wang et al., 2019a). Insoluble fibers, which include 

cellulose and hemicellulose, do not dissolve in water but add bulk to the stool, promoting 

regular bowel movements and preventing constipation (Gill et al., 2021). Functional fibers 

(resistant starches and oligosaccharides) have effects beyond those of traditional dietary 

fibers, meaning that functional fibers have specific beneficial effects in the digestive tract, 

often in connection with gut microbiota, and therefore can be used to target health in a 

microbiota-dependent manner (Wan et al., 2021). The beneficial effects of dietary fibers 

are mainly due to several mechanisms leading towards gut environmental improvement. It 

is known that gut bacteria can ferment soluble fiber and produce short-chain fatty acids. 

Beyond the production of short-chain fatty acids, fibers also stimulate the growth of 

beneficial gut bacteria and prevent the growth of detrimental bacteria (Rezende et al., 2021). 

This selective stimulation of beneficial bacteria is called a prebiotic effect, and it 

contributes to a balanced gut microbiota. Certain animal studies reveal that inulin (a kind 

of soluble fiber contained in certain foods like chicory root and onions) can increase 

Bifidobacterium abundance in the gut (Wang et al., 2020a). Bifidobacterium is known for 

its role in enhancing immune function and maintaining gut homeostasis (Sun et al., 2020b). 

Such beneficial bacteria also competitively exclude pathogenic bacteria, minimizing 

gastrointestinal infections and further enhancing gut health (Manzoor et al., 2022). Another 

important mechanism by which dietary fibers promote gut health is by improving gut 
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motility and reducing the risk of digestive disturbances (Gill et al., 2021). By improving 

gut motility, insoluble fiber reduces the retention time of ingested feed within the gut. This 

limits the proliferation of pathogenic bacteria that generally thrive in environments that are 

not dynamic. The shortened retention time also works to mitigate the accumulation of 

damaging metabolites like ammonia and bile acids that can continuously damage the gut 

lining and promote inflammation. Functional fibers such as resistant starch and β-glucans 

have also been recognized to be of significance in improving gut health. Resistant starch is 

the starch that resists digestion within the small intestine and gets fermented in the colon, 

producing SCFAs. Previous studies have identified that resistant starch can lower gut pH, 

which is less favorable to pathogenic bacteria (Ta et al., 2021). In addition, β-glucans from 

cereals (oats and barley) have immunomodulatory effects and are helpful for gut immunity. 

They have been found to enhance the activity of various immune cells, including 

macrophages and neutrophils, improving the intestinal resistance to infection (Stothers et 

al., 2021; Braian et al., 2023). 

 

Dietary fiber supplementation has been shown to improve both growth performance and 

health in pigs. Some studies have shown that a high-fiber diet is associated with a reduction 

in diarrhea score in pigs (Ma et al., 2024). This reduction is largely attributed to the role of 

fibers in promoting a balanced gut microbiota and enhancing the gut barrier. Besides, 

dietary fibers can improve gut morphology, including increased villus height and reduced 

crypt depth (Hedemann et al., 2006). Healthy intestinal morphology provides a larger 

absorption surface area that is important for the growth and development of pigs. Overall, 

dietary fibers may be proposed as one of the beneficial antibiotic alternatives that improve 
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gut functions and enhance growth performance in pigs. Although dietary fibers have been 

highly recognized for their beneficial effects on gut health and growth performance, less 

attention has been directed toward the role of fiber in mitigating oxidative stress in swine. 

oxidative stress impairs gut barrier function, depresses nutrient absorption, heightens 

susceptibility to infection, thus presenting a major challenge toward swine production. 

Therefore, more research would be required to uncover the underlying mechanisms 

through which fibers mediate these effects as well as to identify the optimal type of fibers 

for alleviating oxidative stress.  
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2.1 Rationale 

2.1.1 Effects of high-fiber and low-fiber diets on intestinal oxidative stress in pigs 

Oxidative stress is a critical factor in intestinal dysfunction, contributing to compromised  

gut health, increased permeability, and inflammation (Kim et al., 2012; Fukui, 2016). In 

pigs, oxidative stress can arise from multiple sources, including dietary composition, 

pathogenic infections, and microbial imbalances (Wu et al., 2021b; Rodrigues et al., 2022; 

Lian et al., 2024). Understanding the mechanisms by which oxidative stress is regulated in 

the intestine is essential for developing effective nutritional and therapeutic strategies. 

Traditionally, dietary fiber was considered to have low nutritional value due to its limited 

digestible energy (Renaudeau et al., 2013). However, emerging research highlights its 

functional role in gut health, particularly in modulating gut microbiota and promoting 

intestinal integrity (Temple, 2000; Adom et al., 2003). Some studies have shown that high-

fiber diets can promote the production of short-chain fatty acids, which support beneficial 

bacteria growth, enhancing the gut’s antioxidant capacity and reducing ROS production 

(Han et al., 2023). However, limited information is available regarding how different fiber 

levels regulate oxidative stress in the intestines of pigs. 

 

2.1.2 Impact of enterotoxigenic Escherichia coli infection on intestinal oxidative stress 

in pigs 

Enterotoxigenic Escherichia coli infection is a significant global concern, particularly 

among post-weaning pigs, leading to severe diarrhea, impaired nutrient absorption, and 

growth retardation (Foster-Nyarko and Pallen, 2022; Pokharel et al., 2023). Studies have 

shown that ETEC infection can disrupt intestinal integrity by increasing the permeability 
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and reducing the expression of tight junction proteins such as ZO-1 and occludin (Duan et 

al., 2022). Increased oxidative stress and inflammation can exacerbate gut damage after 

infection. Although it is known that ETEC infections impair the intestinal barrier, the 

specific role of oxidative stress in intestinal health, particularly in the context of ETEC 

infections, is not well understood. Oxidative stress, a condition resulting from an imbalance 

between ROS production and antioxidant defenses, is a critical factor in intestinal 

dysfunction (Martemucci et al., 2022). Glutathione, a crucial antioxidant in cellular defense, 

plays an essential role in maintaining redox balance and mitigating ROS-induced cellular 

damage (Chai and Mieyal, 2023). Its synthesis relies on enzymes such as glutamate-

cysteine ligase (GCL) and glutathione synthetase (GS), both of which are regulated by Nrf2 

(Lu, 2013). Despite the importance of glutathione in protecting intestinal cells, little 

information is available regarding how ETEC infection impacts glutathione biosynthesis 

in the intestine and the molecular mechanisms remain unclear (Tang et al., 2019).  

 

2.1.3 Effect of probiotics on intestinal oxidative stress in pigs 

In recent years, probiotics have garnered significant interest in their potential benefits in 

enhancing gut health and modulating oxidative stress. Previous studies suggest that 

probiotics can strengthen antioxidant defense by promoting SCFAs production and 

supporting a balanced gut microbiome, which together enhance intestinal integrity (Zhang 

et al., 2020). Probiotics have also been shown to improve tight junction protein expression, 

suppress inflammatory cytokines such as IL-6 and TNF-α (Zheng et al., 2022). Despite 

these promising findings, limited research is available on how probiotics influence 

oxidative stress under ETEC infection conditions. Some studies suggest probiotics may 
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decrease the mRNA expression of Nrf2 in the jejunum and ileum under ETEC infection, 

while others report a significant increase of Nrf2 (Raheem et al., 2021; Wu et al., 2022).  

 

This research integrates three key aspects of gut health (dietary fiber, ETEC infection, 

probiotics) to provide a comprehensive understanding of oxidative stress regulation in pigs. 

By investigating how fiber modulates antioxidant defenses, how ETEC infection disrupts 

oxidative balance, and how probiotics restore intestinal homeostasis, this research aims to 

bridge existing knowledge gaps and support the development of targeted nutritional 

interventions. The findings will have practical implications for improving intestinal health, 

reducing the reliance on antibiotics, and enhancing overall productivity in swine 

production systems. 

 

2.2 Hypothesis 

We hypothesized that: (1) fiber supplementation can improve intestinal health by reducing 

intestinal oxidative stress; (2) ETEC infection impaires glutathione biosynthesis and Nrf2 

signaling pathway, causing oxidative stress; (3) probiotics reduce oxidative stress through 

glutathione biosynthesis and Nrf2 signaling pathway and improve gut function after 

infection. 

 

2.3 Objectives 

The overall objective of our research was to investigate the impact of oxidative stress on 

gut health as well as the underlying mechanisms, and to explore whether dietary fiber and 
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probiotics could alleviate oxidative stress, thereby improving gut health. The specific 

objectives were 

 

Study 1: To investigate the effects and the mechanisms of fiber on oxidative stress and 

inflammatory response in gut health. 

 

Study 2: To investigate the effect of ETEC infection on intestinal oxidative stress and its 

underlying mechanisms. 

 

Study 3: To investigate the effect of probiotics on intestinal oxidative stress and the 

underlying mechanisms. 

 

To address these objectives, this thesis comprises three integrated studies that collectively 

investigate the regulatory mechanisms of oxidative stress in the gut and explore nutritional 

interventions for intestinal health. Chapter 3 (Manuscript I) examines the effects of high- 

and low-fiber diets on oxidative stress and growth performance in growing-finishing pigs. 

Chapter 4 (Manuscript II) explores how ETEC infection induces oxidative stress and 

impairs antioxidant defenses, particularly focusing on the Nrf2-GSH axis in weaned piglets. 

Finally, Chapter 5 (Manuscript III) evaluates the protective effects of Bacillus 

licheniformis HG76 in mitigating oxidative stress and inflammation during ETEC 

challenge. These results are further synthesized in Chapter 6 (General Discussion), which 

integrates the findings across the three studies to provide broader insights into redox 
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regulation and nutritional strategies. Finally, Chapter 7 summarizes the major conclusions, 

outlines study limitations, and proposes future research directions.  
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3.1 Abstract 

Feed is the most expensive facet of commercial pork production. In order to reduce feed 

costs, using high-fiber ingredients has become a common practice. Moderate levels of fiber 

can maintain intestinal physiological function and promote intestinal health. Oxidative 

stress is linked to impaired nutrient absorption and growth performance. This study 

investigated the effects of high-fiber and low-fiber diets on growth performance and 

intestinal oxidative stress parameters in growing-finishing pigs. Forty growing pigs with 

initial body weight (27.07 ± 1.26 kg) were randomly assigned to 2 treatment groups with 10 

replicates of 2 pigs per pen. Pigs were weighed on day 35, 42, and 70. The feed intake was 

recorded to calculate growth performance parameters. On day 70, eight pigs in each 

treatment group were randomly selected and euthanized to obtain jejunum to measure 

oxidative stress status. Pigs fed a high-fiber diet were heavier than those fed a low-fiber diet 

on day 70 (P < 0.05). During the whole feeding period, pigs fed a high-fiber diet had a higher 

average daily gain than those fed a low-fiber diet (P < 0.05). The low-fiber diet resulted in 

increased levels of malondialdehyde (P < 0.05) in the jejunum, suggesting that the low-fiber 

diet contributed to oxidative stress in the jejunum. The low-fiber diet also led to a 

significant increase in glutathione and oxidized glutathione levels (P < 0.05) in the jejunum, 

indicating that pigs fed a low-fiber diet needed to produce more antioxidant substances to 

cope with oxidative stress in the intestine. This was accompanied by a significant increase 

in the expression of glutathione synthesizing enzymes in the jejunum of the low-fiber group 

(P < 0.05). These results suggest that the high-fiber diet can improve growth performance 

and maintain intestinal health in growing-finishing pigs by reducing intestinal oxidative 

stress. 
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3.2 Introduction 

Pork is an essential source of animal protein in human nutrition (Pereira and Vicente, 2013). 

As the population increases and living standards rise, the demand for better-quality pork 

increases. Although the animal’s genetic makeup determines its growth state, animal feed 

plays a vital role in animal production (Rauw et al., 2020). Animal feed counts for 60% to 

70% of total animal production costs (Renaudeau et al., 2013). In order to reduce feed costs, 

the use of high-fiber ingredients and co-products has become a common practice (Fontenot 

et al., 1983). Traditionally, corn and soybean meals have been the main components of pig 

feeds in large parts of the world, providing most of the energy and nutrients required for 

pigs. Other grains such as barley, wheat, oats, and byproducts including bran, hulls, and 

distiller’s grains are high in energy and nutrients but are fibrous in nature (McKEE and 

Latner, 2000). When these byproducts are added to swine diets, the diets inevitably shift 

from high starch diets to diets containing less starch and more non-starch polysaccharides 

(Hsu et al., 1987; Jaworski and Stein, 2017). Generally, in traditional nutritional studies, 

fiber-rich feeds are often considered to have lower nutritional value because of their lower 

digestible energy or amino acid levels than corn or soybean meals (Jørgensen et al., 1996; 

Jha and Berrocoso, 2015; Jarrett and Ashworth, 2018). As a result, the proportion of high-

fiber ingredients in commercial pig diets is low, which leads to underutilization and waste 

of fiber-rich ingredients. Recent animal nutrition studies have identified the positive effects 

of fiber in animal production. For example, intestinal microorganisms can ferment fiber to 

produce volatile fatty acids, providing pigs energy (Zhao et al., 2020). In addition, pregnant 

sows require a certain amount of fiber in their diets to prevent constipation and prolong 

satiety (Wenk, 2001). Most importantly, diets for pigs must contain a certain amount of 
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fiber to maintain the physiological functions of the digestive system (Wu et al., 2018). In 

addition, fiber has been shown to contain phytochemicals that may act as antioxidants 

(Temple, 2000; Adom et al., 2003). Therefore, it remains to be investigated whether fiber 

can act as an antioxidant to protect the intestinal tract of pigs from oxidative stress and 

maintain intestinal health and function. 

 

The intestine is highly vulnerable to oxidative stress injury because the intestine cells 

contain many mitochondria that are the major sites for ROS production (Figueira et al., 

2012; Liu et al., 2017). Free radicals can disrupt the intestinal structure and disturb the 

microbial balance, resulting in decreased feed intake and delayed or reduced weight gain, 

thus significantly reducing the economic efficiency of the pig industry (Liu et al., 2020b; 

Han et al., 2021; Qiu et al., 2021). Oxidative damage occurs when the antioxidant system 

is unable to eliminate excess ROS from the host body (Li et al., 2020c). Therefore, 

maintaining redox balance is crucial for intestinal health. In pig production, numerous 

substances and environmental factors can cause the body to produce large amounts of free 

radicals, leading to oxidative damage in animals (Puppel et al., 2015). Proteins are the most 

frequent targets of ROS attacks, as they are essential components of tissues and are 

involved in many physiological processes in the host (Anjum et al., 2015). Moreover, lipid 

peroxidation can damage normal cellular functions by affecting the structure and fluidity 

of biological membranes and the permeability of cell walls (Catalá and Díaz, 2016). These, 

in turn, affect intestinal health and animal growth. Currently, little information is available 

regarding the regulation of intestinal oxidative stress by fiber. Therefore, this study 

investigated the effects of fiber on growth performance and intestinal oxidative stress 
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parameters in growing-finishing pigs. We hypothesized that fiber might regulate growth 

performance and oxidative stress in growing-finishing pigs. 

 

3.3 Materials and methods 

The University of Manitoba’s Animal Care Committee reviewed and approved the 

experimental and animal care protocols (AC#F21-002). In addition, all pigs were cared for 

following the Canadian Council on Animal Care guidelines (CCAC, 2009). 

 

3.3.1 Animals, treatments, and experimental design 

A total of 40 growing pigs (56 d old TN Tempo [Large White] × TN70 [Large White × 

Landrace]; 20 barrows and 20 gilts with initial body weight [BW] of 27.07 ± 1.26 kg) were 

fed either low-fiber (corn-soybean meal-based diet) or high-fiber (wheat-canola meal-

based diet) diets. Pigs were housed in a temperature-controlled room and randomly 

assigned to two treatments with a total of 10 pens per treatment and two replicates per pen. 

Fans and heaters maintained the room temperature at 22.0 ± 2.2 °C throughout the 

experiment. Pigs were fed experimental diets in three phases (25 to 50, 50 to 75, and 75 to 

110 kg), with ad libitum feeding using stainless steel feeders and ad libitum drinking water 

provided using nipple drinkers. Phase duration was predicted using Topigs Norsvin 

(Topigs Norsvin, Oak Bluff, MB, Canada) growth performance data on Tempo pigs. The 

current study was conducted at the TK. Cheung Centre at the University of Manitoba. 
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3.3.2 Diet and feed ingredients 

In the diets of growing-finishing pigs, fiber content increased with the addition of oat hulls 

and soybean hulls. In addition, vegetable oil was added to high-fiber diets to keep the net 

energy (NE) content consistent. The high- and low-fiber diets were formulated to meet or 

exceed the NRC (2012) recommendations for growing-finishing pigs (Table 3. 1). High- 

and low-fiber diets were mixed at the Glenlea Mill (Glenlea Swine Research Unit, 

University of Manitoba) prior to each experimental phase. And at this time, samples of 

experimental diets were collected and stored in a -20 °C refrigerator before wet lab analysis. 

High- and low-fiber diets were submitted to the Central Testing Laboratory (Central 

Testing Laboratory Ltd, Winnipeg, MB, Canada) for dry matter (method 930.15; AOAC 

International, 2000), crude protein (method 990.03; AOAC International, 2000), crude fat 

(method Am 5-04; AOCS, 2009a), crude fiber (method Ba 6a-05; AOCS, 2009b), acid 

detergent fiber (ADF; Ankom method, 2006a), neutral detergent fiber (NDF; Ankom 

method, 2006b), and acid insoluble ash (method 942.05; AOAC International, 2000) were 

determined. In addition, starch was analyzed by Megazyme total starch determination kit 

(K-TSTA; method 996.11; AOAC International, 2000). Gross energy were measured by 

bomb calorimetry (Model 6400; Parr Instruments, Moline, IL). Digestible energy (DE) and 

metabolizable energy (ME) were estimated based on gross energy, assuming that DE 

equals 88% of GE and ME equals 96% of DE (NRC, 2012). Non-starch polysaccharides 

were determined by gas-liquid chromatography (component neutral sugars) and by 

colorimetry (uronic acids) using the procedure described by Englyst et al. (1994) and Ndou 

et al. (2015). Non-fiber carbohydrates were calculated as 100 - (crude protein+NDF+crude 

fat+ash) (Hall, 2000). Finally, the chemical composition of high- and low-fiber diets was 
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shown in Table 3.2, and the non-starch polysaccharide (NSP) composition of soya hulls 

and oat hulls was shown in Table 3.3. 
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Table 3.1 Composition of experimental diets, as-fed basis, g·kg-1 

Item 
(25-55 kg) (55-75 kg) (75-110 kg) 

Low fiber High fiber Low fiber High fiber Low fiber High fiber 

Ingredients, kg       

Corn 449.86 332.76 434.07 354.4 383.85 409.83 

Wheat 194 185 208 162 261 97 

Soybean meal 194 200 103 111 55 77 

Canola meal 50 50 75 75 75 75 

Vegetable oil 7.5 38.5 2.5 32  26 

Barley 75 75 150 150 200 200 

Soya hulls  55  60  61 

Oat hulls  35  30  30 

Limestone 9 8 9 7 9 7 

Dicalcium 

phosphate 
5 5 4 4 3 4 

Salt 5.3 5.3 4.75 4.75 4.45 4.5 

Copper sulfate 0.5 0.5 0.5 0.5 0.5 0.5 

Vitamin premix1 1.0 1.0 1.0 1.0 0.8 0.8 

Mineral premix2 1.0 1.0 1.0 1.0 1.0 1.0 

Choline Chloride 70 0.3 0.3 0.3 0.3   

L-Lysine-HCl 4.08 3.88 4.19 3.96 4.25 3.75 

DL-Methionine 1.32 1.50 0.76 1.00 0.38 0.72 

L-Threonine 1.50 1.50 1.50 1.50 1.47 1.39 
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L-Tryptophan 0.34 0.33 0.23 0.25 0.20 0.28 

L-Valine 0.2 0.33 0.10 0.24  0.13 

Phytase 0.1 0.1 0.1 0.1 0.1 0.1 

Total 1000 1000 1000 1000 1000 1000 

Calculated Nutrient       

Dry Matter, % 87.19 88.26 87.27 88.18 87.43 87.97 

NE Swine, Mcal/kg3 2.41 2.41 2.39 2.39 2.38 2.38 

Crude Protein, % 18.14 18.14 15.75 15.63 14.45 14.05 

Crude Fat, % 3.53 6.33 2.97 5.69 2.57 5.18 

Crude Fiber, % 2.83 5.82 3.19 6.19 3.35 6.3 

ADF4, % 3.91 7.00 4.48 7.65 4.64 7.8 

NDF5, % 10.86 15.60 12.49 17.00 13.44 17.36 

SID6 Lysine, % 1.07 1.07 0.90 0.90 0.80 0.80 

SID6 Methionine, % 0.38 0.39 0.30 0.31 0.25 0.27 

SID6Tryptophan, % 0.20 0.20 0.16 0.16 0.14 0.14 

SID6 Threonine, % 0.70 0.70 0.60 0.60 0.54 0.54 

Available Ca, % 0.7 0.69 0.68 0.64 0.66 0.63 

Available P, % 0.62 0.61 0.59 0.58 0.57 0.56 

SID6 Lys/NE Ratio 4.44 4.44 3.77 3.77 3.36 3.36 

1 The vitamin premix (DSM Nutritional Products Canada Inc., Ayr, ON) provided the 

following quantities of vitamins per kilogram of diets: vitamin A, 9,000 IU; vitamin D3, 

1,167 IU; vitamin E, 90 IU; vitamin K, 2.7 mg; vitamin B1, 2.7 mg; vitamin B2, 7.4 mg; 
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vitamin B3, 33.0 mg; vitamin B5, 30.0 mg; vitamin B6, 3.0 mg; vitamin B7, 0.2 mg; 

vitamin B9, 1.1 mg; vitamin B12, 0.37 mg; vitamin C, 67 mg. 

2 The trace mineral premix (DSM Nutritional Products Canada Inc., Ayr, ON) provided the 

following quantities of minerals per kilogram of diets: Fe (ferrous sulphate), 140 mg; Cu 

(copper sulphate), 25 mg; I (calcium iodate), 1.0 mg; Se (selenium), 0.3 mg; Mn 

(manganous oxide), 75 mg; Zn (zinc oxide), 130 mg. 

3 Net energy. 

4 Neutral detergent fiber. 

5 Acid detergent fiber. 

6 Standardized ileal digestible. 
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Table 3.2 Analyzed nutrient composition of experimental diets, as-fed basis 

Item 
(25-55 kg) (55-75 kg)  (75-110 kg) 

Low fiber High fiber Low fiber High fiber Low fiber High fiber 

Dry Matter, % 88.80 88.88 89.34 89.77 88.90 89.94 

Crude Protein, % 21.09 21.03 17.75 17.96 16.96 16.88 

Crude Fat, % 2.53 4.80 2.73 5.00 2.32 4.11 

Crude Fiber, % 2.30 4.55 2.58 5.59 2.49 5.65 

ADF, % 3.97 8.23 5.36 10.41 4.89 9.16 

NDF, % 12.17 16.30 10.95 17.69 11.72 16.71 

NSP constituent sugars2       

Total NSP 6.76 (2.32) 10.83 (1.02) 7.43 (2.20) 11.23 (1.31) 7.87 (2.78) 12.59 (1.38) 

Arabinose 1.47 (0.28) 1.53 (0.22) 1.55 (0.21) 1.55 (0.20) 1.55 (0.26) 1.66 (0.21) 

Xylose 1.44 (0.30) 2.44 (0.11) 1.84 (0.47) 2.52 (0.09) 2.15 (0.52) 3.10 (0.09) 

Mannose ND ND ND ND ND ND 

Galactose ND 0.65 (0.34) ND ND ND ND 

Glucose 2.64 (1.55) 4.51 (0.25) 2.98 (1.46) 5.44 (0.97) 3.18 (1.83) 6.00 (0.92) 

Uronic acids 1.22 (0.18) 1.71 (0.11) 1.06 (0.05) 1.72 (0.05) 1.00 (0.17) 1.83 (0.16) 

Crude Ash, % 5.06 4.37 3.96 4.07 3.80 3.50 

Acid Insoluble Ash, % 0.08 0.16 0.08 0.12 0.14 0.28 

DE Swine, Mcal/kg 3.45 3.50 3.56 3.44 3.51 3.45 

ME Swine, Mcal/kg 3.31 3.35 3.43 3.32 3.40 3.34 
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Non-Fiber 

Carbohydrate, % 
60.23 55.67 62.91 58.62 64.81 61.29 

Starch, % 39.33 34.33 46.48 37.37 48.80 40.45 

Note: NDF, neutral detergent fiber; ADF, acid detergent fiber; DE, digestible energy; ME, 

metabolizable energy; ND, not detected. 

Values in parentheses are for the soluble portion of non-starch polysaccharides (NSP) in 

the ingredient. 

Digestible energy (DE) and metabolizable energy (ME) were estimated based on gross 

energy, assuming that DE equals 88% of GE and ME equals 96% of DE. 
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Table 3.3 Composition of soya hulls and oat hulls, as-fed basis, % 

Item 
Ingredients 

Soya hulls Oat hulls 

NSP constituent sugars2   

Total NSP 61.53 (1.57) 52.82 (1.09) 

Arabinose 2.98 (0.18) 2.18 (0.02) 

Xylose 5.91 (0.15) 22.12 (0.37) 

Mannose 4.47 (0.44) ND 

Galactose 2.31 (0.17) ND 

Glucose 33.87 (0.02) 26.68 (0.62) 

Uronic acids 12.76 (0.68) 1.84 (0.08) 

Note: NSP, non-starch polysaccharides; ND, not detected. 

Values in parentheses are for the soluble portion of non-starch polysaccharides (NSP) in 

the ingredient. 
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3.3.3 Tissue collection 

Eight pigs from the low- or high-fiber group were exposed to electroshock and 

exsanguination at a commercial slaughterhouse (Meatpacking Plant, Beausejour, MB, 

Canada). The abdomen was opened, and the small intestine was collected. After removing 

the digesta, the mid-jejunum (2.5 m proximal to the ileocecal junction) was washed in 

phosphate-buffered saline (PBS). The jejunal segments were carefully scraped with glass 

slides to collect mucosal samples and stored at -80 °C until further analysis. 

 

3.3.4 Growth performance parameter measurement 

The amount of diet added to each pen and the amount of feed remaining were recorded 

daily throughout the experiment, and the pigs were weighed at the end of each experimental 

phase. Average daily feed intake (ADFI), average daily gain (ADG), and feed conversion 

ratio (FCR) were then calculated from the recorded feed intake and pig weights. The ADFI, 

ADG, and FCR were calculated using the following equation: 

ADG (g/d) = (final BW of the pig - initial BW of the pig) / (number of feeding days). 

ADFI (g/d) = (feed intake during feeding period) / (number of feeding days). 

FCR=ADFI/ADG.  

 

3.3.5 Biochemical analysis 

Spectrophotometric measurement of total reduced glutathione and oxidized glutathione in 

the mucosa of the middle jejunum. Briefly, the mucosal layer was scraped from the jejunum, 

homogenized in PBS, and sonicated for 20 s. 10% sulfosalicylic acid (Sigma-Aldrich, 

Oakville, ON, Canada) was added to the suspension and then centrifuged at 5,000 × g for 
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10 min at 4 °C. Sodium phosphate buffer and 5,5ʹ-Dithiobis (2-nitrobenzoic acid; Sigma-

Aldrich, Oakville, ON, Canada) were added to the supernatant to test GSH levels. Sodium 

phosphate buffer, β-Nicotinamide adenine dinucleotide 2ʹ-phosphate reduced tetrasodium 

salt hydrate (Sigma Aldrich, Oakville, ON, Canada), GSH reductase (Sigma-Aldrich, 

Oakville, ON, Canada), and 5,5ʹ-Dithio-bis (2-nitrobenzoic acid) were added to the 

supernatant to test GSSG levels. The concentration of GSH and GSSG were normalized to 

protein. The ratio of reduced glutathione to oxidized glutathione was measured as a redox 

potential indicator. Malondialdehyde levels in the mid-jejunal mucosa were determined 

using the thiobarbituric acid reactive substances assay.. Briefly, the mucosal layer was 

scraped from the jejunum, and the homogenate was prepared in PBS. 10% (w/v) 

phosphotungstic acid (Sigma-Aldrich, Oakville, ON, Canada) was added to the suspension 

and incubated for 10 min, then the mixture was centrifuged at 1,000 × g for 10 min at 4 °C 

and an aliquot of the supernatant was incubated with 0.67% (w/v) 2-thiobar-bituric acid 

(Sigma-Aldrich, Oakville, ON, Canada) for 1 h at 90 °C. Subsequently, the sample was 

centrifuged at 1000 × g for 10 min at 4 °C to collect the pellet, which was extracted with 

butanol for color to determine absorbance. The concentration of MDA was also normalized  

to protein. 

 

3.3.6 Western immunoblotting analysis 

The relative protein abundance of glutamate-cysteine ligase catalytic (Gclc) and modifier 

(Gclm) subunits and GS in mid-jejunal mucosa was measured by Western blotting analysis. 

Total proteins (20 to 60 μg) were taken in 10% SDS-polyacrylamide gels for 

electrophoretic separation and then transferred to a nitrocellulose membrane. For 
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immunoblotting, the membranes were first blocked for 1 h at room temperature with 5% 

skim milk powder in tris-buffered saline containing 0.05% Tween-20. Total mucosal 

proteins of the jejunum were then examined at 4 °C using antibodies against rabbit anti-

Gclm monoclonal (1:1,000, Abcam, Inc., Toronto, Canada), rabbit anti-Gclc monoclonal 

(1:1,000, Abcam), or rabbit anti-glutathione synthetase monoclonal (1:1,000, Abcam). 

HRP-conjugated anti-rabbit IgG antibody (Cell Signaling Technology, Danvers, MA) was 

used as a secondary antibody (1:2,000). β-Actin (1:5,000, Cell Signaling Technology) was 

used as an internal reference. Data are expressed as mean ± SEM (n = 6 to 8). 

 

3.3.7 Real-time PCR 

Total RNA was isolated from jejunal tissue using TRIzol reagent (Invitrogen, Carlsbad, 

CA). All primers were designed using Primer-Blast based on porcine gene sequences 

(Table 3.4). Gclc, Gclm, and GS mRNA were analyzed by real-time PCR using the iQ5 

real-time PCR detection system (Bio-Rad, Mississauga, ON, Canada). β-actin was used as 

a housekeeping gene to normalize the transcript levels of the target genes. A comparative 

threshold cycle (Ct) approach was used to calculate the quantitative expression levels of 

target genes relative to β-actin (Lupberger et al., 2002). Data are expressed as relative 

values for pigs fed a high-fiber diet. 
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Table 3.4 Forward and reverse primer sequences for Real-time PCR 

Gene Accession no. Primer sequence, 5'-3' References 

β-actin NM_001172909.1 F: CTGCGGCATCCACGAAACT (Yin et al., 2014) 

  
R: AGGGCCGTGATCTCCTTCTG 

 

Gclc XM_003482164.4 F: GGCGACGAGGTGGAATACAT (Yan et al., 2020) 

  
R: GTTTGGGTTTGTCCTTTCCCC 

 

Gclm XM_001926378.4 F: ACAATACAACGGTTCAGGTGAGT (Deng et al., 2021) 

  
R: GCCTGTAAAATGTGTCATTGAGG 

 

GS NM_001244625.1 F: AAGAAGCTGCCAAGATCCTC (Bausys et al., 2021) 

  R: ATTCTCTATGGCACGCTGGT  

Note: β-actin, beta-actin; Gclc, glutamate-cysteine ligase catalytic subunit; Gclm, glutamate-cysteine ligase modified subunit; GS, 

glutathione synthetase. 
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3.3.8 Statistical analysis 

Growth performance and oxidative stress data were analyzed using SAS (version 9.4; SAS 

Inst. Inc., Cary, NC) with pen and individual pig as experimental unit, respectively. All 

data were assessed for normality with PROC UNIVARIATE, and outliers were tested using 

the studentized residual analysis. The growth performance data were analyzed as repeated 

measures with treatment, phase, and treatment × phase interactions included in the model. 

Results of growth performance analyses are reported as least squares means. Student’s t-

tests were used to assess the effect of fiber on overall ADG, ADFI, FCR, and oxidative 

stress data. These results were expressed as means and SEM. Differences were considered 

significant at P < 0.05. 

 

3.4 Results 

3.4.1 The chemical and fiber composition of the fiber sources and experimental diets 

Although the NSP of soya hulls and oat hulls are water insoluble, the fiber structure of both 

hulls is different. Hemicellulose in soya hulls and oat hulls consisted predominantly of 

xylose residues. The content of glucose residues was higher in soya hulls than in oat hulls, 

whereas the concentration of soluble glucose residues in oat hulls was higher than in soya 

hulls. Soybean hulls had a higher content of insoluble NSP and a higher content of soluble 

NSP and were characterized by a higher pectin content, as indicated by the higher uronic 

acids than oat hulls. Oat hulls were rich in insoluble and soluble mannose residues (Table 

3.3). 

By analyzing the NSP of the experimental diets, the main fibrous components of the dietary 

treatments were similar (Table 3.2). The high-fiber diets were rich in all insoluble NSP 
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components, especially insoluble xylose, glucose, and uronic acids residues. On the 

contrary, the characteristics of the low-fiber diets was higher in all soluble NSP 

components than in high-fiber diets. 

 

3.4.2 Feed intake and growth performance 

We examined the feed intake and growth performance in pigs fed a high- or low-fiber diet. 

As shown in Table 3.5, interactions between treatment and phase for BW and FCR were 

significant. Pigs fed a high-fiber diet had heavier body weights on day 70 than pigs fed a 

low-fiber diet. No interactions were found between treatment and phase for ADG and 

ADFI. Throughout the feeding period, pigs fed a high-fiber diet had higher ADG than those 

fed a low-fiber diet. From days 35 to 42, FCR increased in the low-fiber fed group 

compared to the high-fiber fed group, but there was no significant difference in FCR 

between the two groups in the other two trial phases. There was no significant difference 

in FCR and ADFI between the two groups from days 0 to 70. 
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Table 3.5 Effects of high- and low-fiber diets on growth performance of growing-

finishing pigs 

Items Treatment (Trt) Pooled 

SEM 

P Value 
 

High 

 

Low 

 

Trt Phase Trt ×Phase 

BW, kg 
   

   

Day0 27.7 27.69 

1.19 0.006 <0.001 0.017 
Day35 66.81 63.07 

Day42 75.92 71.88 

Day70 109.16a 102.82b 

ADG, kg/d 
      

Day0 to 35 1.12 1.05 

0.04 0.017 0.076 0.210 Day35 to 42 1.30 1.09 

Day42 to 70 1.19 1.16 

Day0 to 70  1.16a  1.10b 0.02 0.027 

ADFI, kg 
      

Day0 to 35 2.28 2.15 

0.11 0.631 <0.001 0.405 Day35 to 42 2.92 2.98 

Day42 to 70 3.26 3.17 

Day0 to 70 2.09 2.02 0.07 0.460 

FCR 
      

Day0 to 35 2.04 2.08 
0.11 0.071 <0.001 0.019 

Day35 to 42  2.29b  2.71a 



91 
 

Day42 to 70 2.75 2.74 

Day0 to 70 2.35 2.42 0.06 0.401 

Results are expressed as least squares means (𝑛𝑛 = 10 for each group). a,b Means in the same 

row with different superscript differ (P < 0.05). BW, body weight; ADG, average daily gain; 

ADFI, average daily feed intake; FCR, feed conversion ratio; Trt, treatment. 
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3.4.4 Oxidative stress biomarkers in the intestine 

We examined the oxidative stress biomarkers (MDA) in the intestine of pigs fed a high- or 

low-fiber diet. The level of malondialdehyde was significantly increased in the jejunum of 

pigs fed a low-fiber diet, indicating increased oxidative stress (Figure 3.1a). Low-fiber diet 

resulted in a significant increase in the levels of GSH and GSSG in the jejunum (Figure 

3.1b, c). However, there was no significant difference in the ratio of GSH to GSSG between 

the two groups (Figure 3.1d). 
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Figure 3.1 Effect of fiber on glutathione levels and lipid peroxidation in the jejunum 

Jejunal malondialdehyde (MDA) levels (a), reduced glutathione (GSH) (b), oxidized 

glutathione (GSSG) (c), and a ratio of reduced glutathione (GSH) to oxidized glutathione 

(GSSG) (d) were measured in pigs fed a high-fiber (HF) or low-fiber (LF) diet. Results are 

expressed as mean ± SEM (n = 8 for each group). *P < 0.05 when compared with the value 

obtained from the HF group. 
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3.4.5 Expression of antioxidant enzymes and transcription factors in the intestine 

To investigate the reasons for the changes in glutathione levels, we examined the 

expression of the enzymes responsible for glutathione synthesis in the intestine. There was 

a significant increase in Gclc mRNA and protein levels in the jejunum of the low-fiber 

group (Figure 3.2a and b). However, there was no significant difference in the mRNA and 

protein levels of Gclm and glutathione synthetase between the low-fiber and high-fiber fed 

groups (Figure 2c-f). Glutamate-cysteine ligase is a rate-limiting enzyme in glutathione 

synthesis. Increased expression of its catalytic subunit (Gclc) might contribute to an 

elevation of GSH in the jejunum of pigs fed a low-fiber diet. 
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Figure 3.2 Expression of glutathione synthesizing enzymes in the jejunum 

Jejunal glutamate-cysteine ligase catalytic subunit (Gclc) protein (a) and mRNA (b), 

glutamate-cysteine ligase modifier subunit (Gclm) protein (c) and mRNA (d), glutathione 

synthetase (GS) protein (e) and mRNA (f) were measured in pigs fed a high-fiber (HF) or 

low-fiber (LF) diet. Results are expressed as mean ± SEM (n = 4 to 8 for each group). *P 

< 0.05 when compared with the value obtained from the HF group. 
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3.5 Discussion 

In the present study, feeding a high-fiber diet to growing pigs significantly increased ADG 

and final body weight. Feeding a low-fiber diet increased oxidative stress biomarkers in 

the jejunum, indicating the presence of oxidative stress. 

 

Although soybean hulls and oat hulls were added to the high-fiber diets to increase the total 

NSP content in the diets, both the high- and low-fiber diets were characterized by the 

presence of high levels of arabinoxylan, as indicated by high levels of insoluble arabinose 

and xylose residues. In addition, the low-fiber diets were characterized by soluble glucose 

residues due to the high levels of β-glucan in various cereals such as corn, wheat, and barley 

(Hu et al., 2015). Soybean hulls contain xylose residues in a β-1,4 mode. The xylose 

residues in soybean hulls are linked to the O-3 position of homogalacturonan (Mohnen, 

2008). The homogalacturonan residues are interrupted by l-rhamnose residues and various 

side chains (Karr-Lilienthal et al., 2005). Other studies have reported that β-1,4-linked  

xylose may be attached to rhamnose-I (Mohnen, 2008). This may contribute to the high 

levels of xylose and uronic acid residues in high-fiber diets. High-fiber diets also contained 

high levels of cellulose, contributing to increased levels of insoluble glucose-based 

polysaccharides. 

 

Although low- and high-fiber diets had the same primary nutrient composition, there was 

a significant difference in growth performance between low- and high-fiber-fed groups. In 

the current study, it was observed that high-fiber supplementation increased body weight 

on day 70 as well as increased average daily gain during the whole experimental period. 
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This might be due to the healthier intestinal tract of pigs fed a high-fiber diet (Williams et 

al., 2001; Montagne et al., 2003). Fiber can be fermented in the hindgut by intestinal 

microorganisms to produce short-chain fatty acids (Jha et al., 2010; Jha and Leterme, 2012), 

which promotes the growth of beneficial microorganisms and inhibits the survival of 

harmful bacteria in the intestine (Pieper et al., 2008). Similarly, Kim et al. (2008) and 

González-Ortiz et al. (2014) also reported the ability of oat hulls or soya hulls against E. 

coli K88. The ADFI of pigs is influenced by their body weight and health status, the 

palatability of the diet, and the level of nutrition. Previous studies have reported that 

weaned piglets require increased feed intake to obtain adequate nutritional requirements 

due to the ability of insoluble fiber to reduce the residence time of the diet in the intestine, 

affecting intestinal absorption of nutrients from the diet (Wenk, 2001; Gerritsen et al., 

2012). In addition, Hopwood et al. (2004) reported that beet pulp, which contains mainly 

soluble fiber, can reduce daily feed intake in weaned piglets by increasing the time of 

digestive materials in the digestive tract. These inconsistent results are related to the 

different sources of fiber supplementation in the diets (Zhao et al., 2018). In our study, the 

addition of oat hulls and soybean hulls, mainly insoluble fiber (Jaworski and Stein, 2017; 

Ndou et al., 2017), to the diets of growing pigs did not affect the ADFI of growing pigs. 

The possible reason is that the intestine of growing pigs is fully developed and absorbs 

nutrients from the diet more efficiently than weaned piglets (Ndou et al., 2017). Overall, 

our results suggested that a high-fiber diet could promote growth performance in growing-

finishing pigs. The gastrointestinal tract is the largest organ in the body. It is the site of 

digestion and absorption of dietary nutrients (Jha et al., 2019). Intestinal oxidative stress 

may lead to reduced intestinal villus height and broken tight junction proteins, which in 
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turn lead to compromised digestive and absorptive function of the intestine and 

deterioration of intestinal health, and ultimately reduced growth performance of piglets 

(Yuan et al., 2007). Our results also showed that the growth performance of pigs in the 

low-fiber group was significantly lower than that of pigs in the high-fiber group. Water-

insoluble fibers such as soybean hulls and oat byproducts may have considerable 

antioxidant potential and benefit the pig organism (Sobotka et al., 2012; Liu et al., 2022a). 

High insoluble fiber intake in the late gestation period of sows can improve redox status 

by reducing serum MDA levels (Liu et al., 2020d). MDA is the most used biomarker for 

identifying lipid peroxidation. A novel observation of the present study was that fiber could 

protect the jejunum from oxidative stress. In the present study, we found that the MDA 

level in the jejunum of the low-fiber group was significantly higher than that in the high-

fiber group, reflecting oxidative stress in the jejunum of growing-finishing pigs fed a low-

fiber diet. Glutathione acts as a major endogenous antioxidant to counteract oxidative stress. 

Increasing insoluble water fiber in the diet of rats could decrease serum GSSG levels 

(Wang et al., 2011). In the present study, a low-fiber diet resulted in a significant increase 

in GSH and GSSG levels in the jejunum, suggesting that pigs fed a low-fiber diet might 

need to produce more GSH to cope with oxidative stress in the intestine. 

 

Fewer studies have been conducted on the effects of fiber on the glutathione synthesizing 

enzymes in the intestine. The first step in GSH biosynthesis is the rate-limiting step, 

catalyzed by glutamate-cysteine ligase (GCL, also known as γ-glutamylcysteine synthase). 

The GCL enzyme consists of a catalytic subunit (Gclc) and a modifier subunit (Gclm), 

which dissociate under reducing conditions (Seelig et al., 1984; Yan and Meister, 1990; 
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Huang et al., 1993). In the present study, a low-fiber diet resulted in a significant increase 

in the mRNA and protein expression of the jejunal Gclc, an enzyme that catalyzes the rate-

limiting reaction for glutathione synthesis. Increased Gclc expression might lead to an 

increase in GSH production. Our results also showed increased GSH levels in the jejunum 

of pigs fed a low-fiber diet. These results suggested that the intestine of growing pigs fed 

a low-fiber diet might have experienced oxidative stress, which upregulated GSH synthesis. 

However, increased GSH synthesis was insufficient to attenuate oxidative stress as the 

level of MDA, a biomarker of lipid peroxidation, remained elevated in the intestine of pigs 

with a low-fiber diet. 

 

3.6 Conclusions 

The present study has demonstrated that a high-fiber diet could improve growth 

performance and maintain gut health, as indicated by low intestinal oxidative stress 

(decreased MDA level) in growing-finishing pigs. In addition, pigs in the low-fiber group 

responded to oxidative stress by producing GSH by activating glutamate-cysteine ligase. 

These findings indicate the potential application of a high-fiber diet as a safe and effective 

nutritional strategy to maintain gut health in pigs. Our results suggest that the fiber content 

in diets may contribute to the health of the animal intestine and improve animal welfare. 

Further studies are needed to investigate the mechanisms by which fibers protect the 

intestine from oxidative stress. 
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Transition statement  

In Study 1, we observed that dietary interventions significantly influenced intestinal 

antioxidant capacity. Specifically, a high-fiber diet could enhance the overall antioxidant 

response in the intestine, hence mitigating oxidative stress and reducing the accumulation 

of oxidative damage markers. In contrast, a low-fiber diet was associated with a decrease 

in antioxidant capacity and increased oxidative stress in the intestine. These results 

highlight the critical role of dietary fiber in modulating intestinal redox balance and the 

potential of dietary strategies to mitigate oxidative stress-related injury. However, while 

we have established the role of dietary modulation in endogenous antioxidant defense, our 

understanding of oxidative stress mechanisms under conditions of external pathogenic 

challenge remains limited. To address this gap, we conducted Study 2. We employed ETEC  

infection as an exogenous stress inducer. ETEC is a prevalent pathogen known to cause 

diarrhea and intestinal injury in weaned piglets by disrupting the intestinal barrier, inducing 

inflammatory responses, and increasing oxidative stress (Sun and Kim, 2017). ETEC 

infection is a critical model for studying intestinal oxidative stress as it leads to substantial 

accumulation of reactive oxygen species and impairs antioxidant defense systems (Wang 

et al., 2024b). Additionally, ETEC infection is often accompanied by decreased expression 

of tight junction proteins, resulting in increased intestinal permeability, which exacerbates 

oxidative stress and inflammation (Lodemann et al., 2017). The objective of Study 2 was 

to investigate how ETEC-induced oxidative stress impacts intestinal function and whether 

restoration of antioxidant defense mechanisms can mitigate these detrimental effects. We 

aimed to explore potential therapeutic targets that affect intestinal health during pathogenic 

challenges. 
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4.1 Abstract 

Enterotoxigenic Escherichia coli (ETEC) is recognized globally as a major gastrointestinal 

pathogen that impairs intestinal function. ETEC infection can lead to oxidative stress and 

disruption of intestinal integrity. The present study investigated the mechanism of 

increased oxidative stress and whether restoration of antioxidant defense could improve 

intestinal integrity in a piglet model with ETEC infection. Weaned piglets were divided 

into three groups: control, ETEC-infection and ETEC-infection with antibiotic 

supplementation. The infection caused a significant elevation of serum diamine oxidase 

activity and D-lactate levels coupled with a reduced intestinal (mid-jejunum) tight junction 

protein expression, suggesting increased intestinal permeability and impaired gut function. 

The infection also inhibited nuclear factor erythroid 2-related factor 2 (Nrf2) activation, 

decreased the expression of glutathione synthesizing enzymes, superoxide dismutase-1 

(SOD1), and heme oxygenase-1 (HO-1) in the intestine. This led to a decreased antioxidant 

glutathione level and an increased lipid peroxidation in the intestine and serum, indicating 

oxidative stress. The infection stimulated the expression of pro-inflammatory cytokines 

(IL-6, TNF-α). Antibiotic supplementation attenuated oxidative stress, in part, through 

restoration of glutathione levels and antioxidant enzyme expression in the intestine. Such 

treatment enhanced tight junction protein expression and improved intestinal function. 

Furthermore, induction of oxidative stress in Caco2 cells by hydrogen peroxide inhibited 

tight junction protein expression and stimulated inflammatory cytokine expression. 

Glutathione supplementation effectively attenuated oxidative stress and restored tight 

junction protein expression. These results suggest that downregulation of Nrf2 activation 
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may weaken antioxidant defense and increase oxidative stress in the intestine. Mitigation 

of oxidative stress can improve intestinal function after infection. 

 

Key words: Oxidative stress, Intestine, Glutathione, Piglets, Enterotoxigenic Escherichia 

coli 

 

  



105 
 

4.2 Introduction 

Oxidative stress occurs when there is an imbalance between the production of ROS and its 

removal by the antioxidant defense system. ROS at elevated levels can cause cellular injury, 

including lipid peroxidation, protein denaturation, and DNA damage (Sies and Jones, 

2020). The gastrointestinal tract is more susceptible to oxidative stress as it is frequently 

exposed to food components and toxins (endotoxins and mycotoxins) that can trigger ROS 

accumulation. The post-weaning period is critical for gastrointestinal health in humans and 

animals, which has a significant influence on growth and health (Arthi and Schneider, 2021; 

Kim et al., 2022a). The maintenance of the epithelial barrier integrity is critical to intestinal 

function (Tao et al., 2019; Ghosh et al., 2021; Duarte and Kim, 2022). Damage to the 

epithelial barrier leads to increased intestinal permeability, allowing bacterial endotoxins 

to enter the bloodstream, which can cause serious illness (Arbizu et al., 2020; Martel et al., 

2022). Infection-induced oxidative stress causes further damage to the tight junction of the 

intestinal epithelium, thus exacerbating the barrier dysfunction (Cao et al., 2020).  

 

E. coli is a type of gram-negative bacteria that resides naturally in the intestine of humans 

and animals (Foster-Nyarko and Pallen, 2022; Pokharel et al., 2023). Among its various 

strains, enterotoxigenic Escherichia coli F4 is known for its pathogenicity in pigs causing 

severe diarrhea (Sun and Kim, 2017; Li et al., 2021b). ETEC F4 can disrupt the intestinal 

epithelial barrier by decreasing the expression of tight junction proteins such as ZO-1 and 

occludin in the intestine, causing increased intestinal permeability (Duan et al., 2022). A 

recent study suggests that ETEC infection can induce oxidative stress in the intestine 

(Jiménez et al., 2020). In piglets, the increased intestinal permeability in the post-weaning 
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period can facilitate the translocation of toxins and pathogens from the lumen of gut to the 

circulation, causing systemic oxidative stress and inflammation (Tang et al., 2022). 

Increased oxidative stress and inflammation can exacerbate gut damage after infection 

(Pickard et al., 2017; Lin et al., 2021). Although E. coli infection can affect the function of 

the intestinal barrier, the role of oxidative stress in intestinal health is not well understood. 

 

ROS are highly reactive free radicals that can elicit inflammation and tissue damage, which 

is associated with many diseases (Martemucci et al., 2022). The production of ROS at low 

levels is a physiological process that occurs during normal cellular metabolism (Yang and 

Lian, 2020). The body has natural defense mechanisms against oxidative stress, including 

enzymes and antioxidants that metabolize or neutralize ROS (Hajam et al., 2022). Nuclear 

factor erythroid 2-related factor 2 is a key transcription factor that regulates the gene 

expression of enzymes involved in antioxidant defense (Liu et al., 2022b). Under 

unstressed conditions, Nrf2 protein is retained in the cytoplasm via binding to Kelch-like 

ECH-associated protein 1. In response to oxidative stress, Nrf2 is disassociated from 

Kelch-like ECH-associated protein 1  and translocated into the nucleus where it binds the 

antioxidant response elements in the promoter region of genes encoding enzymes that are 

involved in antioxidant defense mechanisms (Chen et al., 2024a). Activation of Nrf2 

enhances the expression of antioxidant enzymes including SOD1, HO-1 and glutathione 

synthesizing enzymes. 

 

Glutathione is a tripeptide containing thiol, a potent antioxidant that plays an essential role 

in fighting oxidative stress (Chai and Mieyal, 2023). Glutathione is synthesized through 
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two sequential reactions. Initially, γ-glutamylcysteine is produced by glutamate-cysteine 

ligase that contains a catalytic subunit (Gclc) and a modifier subunit (Gclm). Subsequently, 

glycine is added to form glutathione in a reaction catalyzed by glutathione synthetase (Lu, 

2013). The effectiveness of glutathione relies on its reduced form (GSH) in neutralizing 

ROS, which is subsequently oxidized to GSSG (Sreekumar et al., 2021). Any disturbance 

in glutathione levels or an imbalance in the GSH/GSSG ratio is indicative of oxidative 

stress (Circu and Aw, 2012). Little information is available regarding the impact of E. coli 

infection on glutathione biosynthesis in the intestine. Although it was reported that ETEC 

infection could induce oxidative stress in the intestine of mice with a decreased GSH level 

(Tang et al., 2019), the molecular mechanism is not clear. Antibiotics have traditionally 

been used in animal production to treat severe bacterial infection, especially those caused 

by pathogens such as ETEC (Low et al., 2021). In the present study, we investigated the 

effect of ETEC F4 infection on intestinal oxidative stress and the mechanisms involved, 

and whether attenuation of oxidative stress could improve intestinal integrity in a piglet 

model. 

 

4.3 Materials and methods 

4.3.1 Animal model 

Weaned piglets are more susceptible to enteric infection causing intestinal dysfunction with 

impaired gut barrier integrity and nutrient absorption (Tang et al., 2022). In the present 

study, the selection of piglets that were susceptible to enterotoxigenic Escherichia coli F4 

infection was based on the identification of MUC4 gene present in the piglets (Sterndale et 

al., 2019a; Choi et al., 2020).The tail DNA samples were collected from piglets (TN Tempo 
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× TN70) on the third day post-farrowing and allele differentiation was conducted using 

FastDigest XbaI digestion (Thermo Fisher Scientific, Waltham, MA, USA) and 2 % 

agarose gel electrophoresis for the identification of MUC4 gene. The piglets with the 

susceptible allele and average body weight of 6.5 kg were selected. A total of 18 weaned 

piglets (28 days old) that were susceptible to ETEC F4 were randomly divided into three 

groups: Group 1 (control), Group 2 (E. coli infection), and Group 3 (E. coli infection 

received antibiotic avilamycin). Each group had 6 piglets (3 male and 3 female). Piglets in 

Group 1 and 2 were fed a corn soybean meal diet, a basal diet designed to meet the NRC 

guidelines (2012) for piglets weighing between 6 and 10 kg. Piglets in Group 3 were fed a 

corn-soybean meal diet supplemented with avilamycin (800 mg Surmax (10 % premix) /kg 

diet, Elanco, AB, Canada). On day 7, Group 2 and Group 3 were infected with E. coli by 

an oral gavage (5 mL of ETEC F4, 1 × 106 CFU/mL, Veterinary Diagnostic Services 

Laboratory, MB, Canada) (Choi et al., 2020). Five days after infection, blood samples were 

collected from the jugular vein and the serum was separated by centrifugation of blood at 

4000 ×g for 10 min at 4 ◦C. The small intestine samples were collected after euthanasia. In 

brief, the mid-jejunum (approximately 2.0 m away from the ileocecal junction) was 

collected and the digesta was removed. The jejunal segment (5 cm) was cut open 

longitudinally, rinsed in phosphate-buffered saline and the mucosal epithelium was 

carefully scraped with a glass slide (Jin et al., 2022). The serum and intestinal samples 

were stored at 80 ◦C until further analysis. All piglets were cared for according to the 

Canadian Council on Animal Care guidelines, and all procedures were approved by the 

University of Manitoba Animal Care Committee. 
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4.3.2 Biochemical analysis 

Serum diamine oxidase activity and D-lactate levels were quantified using commercial kits 

(Abcam Inc., Toronto, ON, Canada). Malondialdehyde in the intestine, serum, and Caco2 

cells were determined using the thiobarbituric acid reactive substances method 

(Prathapasinghe et al., 2007; Jin et al., 2022). The glutathione in the reduced form (GSH) 

and the oxidized form (GSSG) were measured using spectrophotometry (Prathapasinghe 

et al., 2007; Jin et al., 2022)  

 

4.3.3 Cell culture 

Caco2, human colon cancer cells (ATCC, Manassas, VA, USA) were cultured in 

Dulbecco’s Modified Eagle Medium with 10 % fetal bovine serum, incubated at 37 ◦C in 

a humidified 5 % CO2 atmosphere according to the ATTC’s instruction. Cells were seeded 

at a density of 1 ×105 cells/mL in culture dishes. Caco2 cells are widely used as an intestinal 

cell model for studies on the regulation of epithelial permeability, nutrient absorption, 

oxidative and inflammatory response. The differentiated cells resemble many 

characteristics of enterocytes in the small intestine such as the formation of tight junction 

proteins, expression of enzymes and transporters for nutrient absorption (Vachon and 

Beaulieu, 1992). To induce oxidative stress, cells were incubated with hydrogen peroxide 

(200, 400, 800 μM) for 4 h. In other sets of experiments, cells were preincubated with 

glutathione (0.5, 1 mM) followed by incubation with hydrogen peroxide for 4 h. At the end 

of incubation, the intracellular oxidative stress biomarkers, expression of tight junction 

proteins and inflammatory cytokines were measured. To examine cell viability, water-
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soluble tetrazolium (WST-1) salt was used according to the manufacturer’s instructions 

(Sigma-Aldrich, Taufkirchen, Germany). 

 

4.3.4 Quantitative polymerase chain reaction (PCR) analysis 

Total mRNAs were prepared from the intestine and Caco2 cells using TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA). After converting RNA to cDNA by reverse transcription, 

the mRNA levels of individual genes were measured by a quantitative PCR analysis using 

the StepOnePlusTM Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) 

as described in previous studies (Au-Yeung et al., 2023). The gene expression was 

normalized to that of the housekeeping gene β-actin. The primers specific to Gclc, Gclm, 

IL-1β, ZO-1, GS, occludin, TNF-α, Nrf2, HO-1, SOD1, IL-6, and β-actin were designed 

using the Primer-Blast website (Table 4.1). 
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Table 4.1 Primer sequences used for real-time PCR 

Genes Primer sequences (5’-3’) Accession Number Size (bp) 

Swine    

Gclc 
F: GTCCAGTTGGTCCTGTCTGG 

R: CGGGAGTCCCTTCGATCATG 
XM_021098556.1 127 

Gclm 
F: TTGGAGCAGCTGTACCAGTG 

R: GAGCTTCCTGGAAACTCGCT 
XM_001926378.4 175 

GS 
F: GTGCTCAAGCCCCAGAGA 

R: ATGAGGCTCTCTCCTCACTGTC 
NM_001244625.1 119 

SOD1 
F: GTACCAGTGCAGGTCCTCAC 

R: TTTGCCAGCAGTCACATTGC 
NM_001190422.1 104 

HO-1 
F: GCTGAGAATGCCGAGTTCAT 

R: GCTGAGAATGCCGAGTTCAT 
NM_001004027.1 142 

ZO-1 
F: GATCCTGACCCGGTGTCTGA 

R: TTGGTGGGTTTGGTGGGTTG 
XM_021098896.1 200 

Occludin 
F: GAGAGAGTGGACAGCCCCAT 

R: TGCTGCTGTAATGAGGCTGC 
NM_001163647.2 163 

TNF-α 
F: TTCCAGCTGGCCCCTTGAGC 

R: GGCATTGGCATACCCAC 
NM_214022.1 143 

IL-6 
F: AAGGTGATGCCACCTCAGAC 

R: TCTGCCAGTACCTCCTTGCT 
NM_001252429.1 151 

IL-1β 
F: ACATGCTGAAGGCTCTCCAC 

R: CAGGGTGGGCGTGTTATCTT 
NM_214055.1 170 
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β-actin 
F: CTGCGGCATCCACGAAACT 

R: AGGGCCGTGATCTCCTTCTG 
NM_001172909.1 147 

Human    

ZO-1 
F: AACATACAGTGACGCTTCACA 

R: CACTATTGACGTTTCCCCACTC 
NM_003257.5 105 

Occludin 
F: GACTATGTGGAAAGAGTTGAC 

R: GCTGCTGTAACGAG 
NM_001410743.1 171 

TNF-α 
F: CCGATGGCCACAGATGTCTT 

R: AAGGTGGTGGCGATGGATTT 
NM_001077654.3 98 

IL-6 
F: TACCCCCAGGAGAAGATTCC 

R: AGTGCCTCTTTGCTGCTTTC 
NM_001371096.1 166 

β-actin 
F: CACCAACTGGGACGACAT 

R: ACAGCCTGGATAGCAACG 
NM_001101.5 189 
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4.3.5 Western immunoblotting analysis 

The protein levels of enzymes, transcription factors and tight junction proteins were 

determined using Western immunoblotting analysis. These included glutathione 

synthesizing enzymes, SOD1, HO- 1, Nrf2, occludin, and ZO-1. Briefly, proteins prepared 

from the intestine (40-80 μg) were separated by 8-12 % SDS-PAGE (Wijerathne et al., 

2022). The separated proteins were transferred to nitrocellulose membranes and incubated 

with specific primary antibodies followed by incubation with secondary antibodies (Table 

4.2). The β-actin and Lamin B1 were used to ensure equal loading of proteins from 

individual samples. 
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Table 4.2 Primary antibodies for Western immunoblotting analysis 

Protein Antibody  Dilution factor Source Catalog number 

Gclc Rabbit anti-GCLC polyclonal  1:1000 Abcam ab41463 

Gclm Rabbit anti-GCLM polyclonal  1:1000 Abcam ab118974 

GS Rabbit anti-GS polyclonal  1:1000 Abcam ab91591 

SOD1 Rabbit anti-SOD1 polyclonal  1:1000 Abcam ab13498 

HO-1 Rabbit anti-HO-1 monoclonal  1:1000 Abcam ab189491 

Nrf2 Rabbit anti-Nrf2 monoclonal 1:1000 Abcam ab62352 

ZO-1 Rabbit anti-ZO-1 polyclonal 1:1000 Invitrogen 61-7300 

Occludin Rabbit anti-Occludin polyclonal 1:1000 Invitrogen 71-1500 

β-actin Rabbit anti-β-actin monoclonal 1:1000 Cell signaling 4970s 

Lamin B1 Rabbit anti- Lamin B1 polyclonal 1:1000 Abcam ab16048 
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4.3.6 Statistical analysis 

Data analysis was performed using SAS software (Version 9.4; SAS Institute Inc., Cary, 

NC, USA). The normality of the data distribution was assessed using the PROC 

UNIVARIATE procedure followed by using unpaired two-tailed t-test or one-way 

ANOVA. Results were reported as mean ± SD and were considered statistically significant 

if the P value was below 0.05. 

 

4.4 Results 

4.4.1 ETEC F4 infection impaired intestinal integrity and increased oxidative stress 

biomarkers in the serum 

The increased intestinal permeability can be characterized by elevated diamine oxidase 

(DAO) activity in the serum (Yu et al., 2021). ETEC F4 infection led to an elevation of 

DAO activity and D-lactate (bacterial byproduct) levels in the serum compared to that in 

the control group (Figure 4.1 A, B), suggesting that the intestinal permeability might have 

been compromised. Antibiotic supplementation significantly reduced serum DAO activity 

and D-lactate levels in piglets with ETEC F4 infection (Figure 4.11A, B). ETEC F4 

infection also decreased the serum GSH level and a GSH/GSSG ratio in the piglets (Figure 

4.1 C, D, E). Antibiotic supplementation restored the serum GSH level and a GSH/GSSG 

ratio (Figure 4.1C, D, E). The serum lipid peroxide malondialdehyde (MDA) level was 

significantly elevated in piglets after ETEC F4 infection, while antibiotic supplementation 

reduced MDA level in the serum (Figure 4.1 F). These results suggested that ETEC F4 

infection increased intestinal permeability and oxidative stress biomarkers in the 

circulation.  
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Figure 4.1 Serum parameters for oxidative stress and intestine integrity 

Serum samples were prepared from three groups of piglets: Control, ETEC F4 infection (E. 

coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). Serum 

levels of (A) diamine oxidase (DAO) activity, (B) D-lactate, (C) reduced glutathione 

(GSH), (D) oxidized glutathione disulfide (GSSG), and (F) malondialdehyde (MDA) were 
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measured. (E) a ratio of GSH to GSSG was calculated based on the values of GSH and 

GSSG. Results are expressed as mean ± SD (n = 6). *P < 0.05 when compared with the 

control group. #P < 0.05 when compared with the E. coli group. 
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4.4.2 ETEC F4 infection increased oxidative stress in the intestine 

A reduction of GSH or a GSH to GSSG ratio as well as an increase in MDA in the serum 

are an indication of oxidative stress. ETEC F4 infection caused a significant decrease in 

the GSH level and the GSH to GSSG ratio in the intestine (Figure 4.2 A, B, C). Antibiotic 

supplementation effectively restored the GSH level and the GSH to GSSG ratio in the 

intestine of piglets with ETEC F4 infection (Figure 4.2 A, B, C). ETEC F4 infection caused 

a significant elevation of MDA level in the intestine, indicating increased oxidative stress 

(Figure 4.2 D). Antibiotic supplementation significantly reduced lipid peroxidation in the 

intestines of piglets with ETEC F4 infection (Figure 4.2 D). These results suggested that 

ETEC F4 infection caused oxidative stress in the intestine, while antibiotic 

supplementation had a protective effect against ETEC F4 infection. 
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Figure 4.2 Oxidative stress biomarkers in the intestine 

Intestinal samples were prepared from the three groups of piglets: Control, ETEC F4 

infection (E. coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). 

The intestine (A) reduced glutathione (GSH) and (B) oxidized glutathione disulfide 

(GSSG), were measured. (C) A ratio of GSH to GSSG was calculated based on the values 

of GSH and GSSG. (D) The intestinal malondialdehyde (MDA) was also measured. 

Results are expressed as mean ± SD (n = 6). *P < 0.05 when compared with the control 

group. #P < 0.05 when compared with the E. coli group. 
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4.4.3 Effect of ETEC F4 infection on glutathione synthesizing enzymes in the intestine 

To examine the effect of infection on glutathione synthesis, we measured the expression of 

glutathione-synthesizing enzymes in the intestine. ETEC F4 infection significantly reduced 

the mRNA and protein levels of glutamate-cysteine ligase catalytic subunit (Gclc) and 

modifier subunit (Gclm), and glutathione synthetase (GS) in the intestine (Figure 4.3). 

Antibiotic supplementation effectively increased the expression of mRNA and protein of 

these enzymes in the intestine of piglets with ETEC F4 infection (Figure 4.3). 

  



121 
 

 

Figure 4.3 Expression of glutathione synthesizing enzymes in the intestine 
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Intestinal samples were prepared from the three groups of piglets: Control, ETEC F4 

infection (E. coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). 

The mRNA and protein of (A) glutamate-cysteine ligase catalytic subunit (Gclc), (B) 

glutamate-cysteine ligase modifier subunit (Gclm), and (C) glutathione synthetase (GS) in 

the intestine were determined by real-time PCR and Western immunoblotting analysis. 

Results are expressed as mean ± SD (n = 6). *P < 0.05 when compared with the control 

group. #P < 0.05 when compared with the E. coli group. 
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4.4.4 Effect of ETEC F4 infection on transcription factor Nrf2 and antioxidant 

enzyme expression in the intestine 

To investigate whether antibiotic supplementation affected Nrf2 signaling and antioxidant 

enzyme expression, we examined the expression of Nrf2, HO-1, and SOD1 in the intestine. 

ETEC F4 infection decreased the nuclear Nrf2 level in the intestine, indicating the 

suppression of Nrf2 activation (Figure 4.4 A). Antibiotic supplementation restored the 

nuclear Nrf2 level in the intestine of piglets with ETEC F4 infection (Figure 4.4 A). Aside 

from glutathione synthesizing enzymes, the expressions of other key antioxidant enzymes 

such as SOD1 and HO-1 are also regulated by Nrf2 in response to oxidative stress. ETEC 

F4 infection reduced HO-1 and SOD1 expression in the intestine, while antibiotic 

supplementation effectively restored the expression of those antioxidant enzymes (Figure 

4.4 B, C). These results suggested that antibiotic supplementation could activate Nrf2 and 

increase antioxidant enzyme expression in the intestine of piglets with ETEC F4 infection. 
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Figure 4.4 Expression of Nrf2, HO-1, and SOD1 in the intestine 
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Intestinal samples were prepared from the three groups of piglets: Control, ETEC F4 

infection (E. coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). 

Western immunoblotting analysis measured the (A) nuclear Nrf2 protein expression. The 

mRNA and protein of (B) heme oxygenase-1 (HO-1) and (C) superoxide dismutase-1 

(SOD1) in the intestine were measured by real-time PCR and Western immunoblotting 

analysis. Results are expressed as mean ± SD (n = 6). *P < 0.05 when compared with the 

control group. #P < 0.05 when compared with the E. coli group. 
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4.4.5 Effect of ETEC F4 infection on tight junction protein and inflammatory 

cytokines expression in the intestine 

The tight junction protein expression in the intestine can be used as a biomarker of 

intestinal integrity. ETEC F4 infection significantly decreased the expression of tight 

junction proteins (ZO-1, occludin) in the intestine, while antibiotic supplementation 

effectively restored tight junction protein expression to the level found in the control group 

(Figure 4.5). These results suggested that ETEC F4 infection impaired intestinal epithelial 

barrier integrity, and antibiotic supplementation had a protective effect against ETEC F4 

infection (Figure 4.5). ETEC F4 infection also significantly increased the expression of 

inflammatory cytokines (IL-6, TNF-α, IL-1β), while antibiotic supplementation effectively 

decreased inflammatory cytokine expression in the intestine (Figure 4.6). ETEC F4 

infected group had elevated rectal temperature 24 h after infection (39.52 ± 0.31 vs 39.03 

± 0.26 in control group) and increased diarrhea score 36 h after infection (1.83 ± 0.98 vs 

0.03 ± 0.52 in control group). 
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Figure 4.5 Expression of tight junction proteins in the intestine 

Intestinal samples were prepared from three groups of piglets: Control, ETEC F4 infection 

(E. coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). The 

mRNA and protein of tight junction proteins (A) Zonula occludens-1 (ZO-1) and (B) 

occludin in the intestine were measured by real-time PCR and Western immunoblotting 

analysis. Results are expressed as mean ± SD (n = 6). *P < 0.05 when compared with the 

control group. #P < 0.05 when compared with the E. coli group.  
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Figure 4.6 Expression of inflammatory cytokines in the intestine 

Intestinal samples were prepared from three groups of piglets: Control, ETEC F4 infection 

(E. coli), and ETEC F4 infection with antibiotic supplementation (E. coli + ABX). The 

mRNA of (A) interleukin-6 (IL-6), (B) tumor necrosis factor-α (TNF-α), and (C) 

Interleukin-1 beta (IL-1β) in the intestine were measured by real-time PCR. Results are 
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expressed as mean ± SD (n = 6). *P < 0.05 when compared with the control group. #P < 

0.05 when compared with the E. coli group.  
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4.4.6 Effect of oxidative stress on tight junction protein and inflammatory cytokine 

expression in enterocytes 

To induce oxidative stress, Caco2 cells were incubated with hydrogen peroxide (H2O2), 

which is a widely used agent to induce oxidative stress. Incubation of cells with H2O2 (400 

or 800 μM) for 4 h resulted in a significant increase in intracellular lipid peroxidation 

compared to the control (Figure 4.7 A). There was a significant decrease in the level of 

tight junction protein expression in cells incubated with H2O2 (Figure 4.7 B, C). Incubation 

of cells with H2O2 also caused a significant increase in the expression of inflammatory 

cytokines (IL-6, TNF-α) (Figure 4.7 D, E). The effect of H2O2 on cell viability was also 

examined (Figure 4.7 F). Furthermore, the addition of antioxidant glutathione to the culture 

medium not only attenuated H2O2-induced oxidative stress but also effectively decreased 

the expression of inflammatory cytokines (IL-6, TNF-α) (Figure 4.8 A, B, C). Such 

treatment also restored the expression of tight junction proteins (ZO-1 and occludin) in the 

cells (Figure 4.8 D, E). The H2O2 treatment stimulated Nrf2 mRNA expression (Figure 4.8 

F), indicating an antioxidant defense response to oxidative stress in the cells. 
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Figure 4.7 Effect of hydrogen peroxide on lipid peroxidation, the expression of tight 

junction proteins and inflammatory cytokines in Caco2 cells 

Cells were incubated in the absence (control) or the presence of hydrogen peroxide (H2O2) 

at 200, 400, or 800 μM for 4 h and (A) Intracellular malondialdehyde (MDA) levels were 

measured. In another set of experiments, cells were incubated in the absence (control) or 
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presence of H2O2 (400 μM, 800 μM) for 4 h. The mRNA of (B) Zonula occludens-1 (ZO-

1), (C) occludin, (D) interleukin-6 (IL-6) and (E) tumor necrosis factor-α (TNF-α) were 

measured by a real-time PCR analysis. (F) Cell viability was measured after cells were 

incubated with H2O2 (200 to 2000 μM). Results are expressed as mean ± SD (n = 6). *P < 

0.05 when compared to the control. 
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Figure 4.8 Effect of glutathione and hydrogen peroxide on oxidative stress, the 

expression of tight junction proteins and inflammatory cytokines in Caco2 cells 
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Cells were incubated with glutathione (GSH) at 0.5 or 1 mM for 30 min, followed by 

incubation with hydrogen peroxide (H2O2 400 μM) for 4 h. (A) Intracellular 

malondialdehyde (MDA) was measured. The mRNA of (B) interleukin-6 (IL-6), (C) tumor 

necrosis factor-α (TNF-α), (D) Zonula occludens-1 (ZO-1) and (E) occludin were 

measured by a real-time PCR analysis. In another set of experiments, cells were incubated 

in the absence (control) or presence of H2O2 (400, 800 μM) for 4 h. The mRNA of (F) Nrf2 

was measured by a real-time PCR analysis. Results are expressed as mean ± SD (n = 6). *P 

< 0.05 when compared to the control. #P < 0.05 when compared with the H2O2 group. 
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4.5 Discussion 

In the present study, E. coli (ETEC F4) infection impaired gut integrity as demonstrated by 

a significant reduction of tight junction protein expression in the intestine and a marked 

elevation of DAO activity and D-lactate levels in the serum. The ETEC F4-infected piglets 

displayed increased oxidative stress biomarkers and pro-inflammatory cytokine expression 

in the intestine. Downregulation of Nrf2 activation and decreased antioxidant defense 

contributed to increased oxidative stress in the intestine and in the circulation. Antibiotic 

supplementation effectively attenuated oxidative stress and improved gut integrity. 

Furthermore, inhibition of oxidative stress by glutathione increased tight junction protein 

expression and reduced inflammatory cytokine expression in epithelial Caco2 cells. 

 

Bacterial infection can cause gastrointestinal disorders in humans and animals. ETEC 

infection is a common cause of diarrhea in travelers and malnutrition in children in 

developing countries (WHO, 2021; Zhang et al., 2022b; Khalil et al., 2023). In piglets, 

ETEC is also a well-known pathogen causing post-weaning diarrhea, leading to nutrient 

malabsorption and growth retardation (Kim et al., 2022b). Understanding the mechanisms 

of cellular response to infection is crucial to the prevention and mitigation of 

gastrointestinal disorders. ETEC infection has been shown to cause intestinal dysfunction 

with increased gut permeability (Kim et al., 2022a). In the present study, piglets with ETEC 

F4 infection had decreased expression of tight junction proteins (occludin, ZO-1) in the 

intestine with increased gut permeability. Occludin and ZO-1 are the integral proteins of 

intestinal epithelial tight junctions. These proteins play a pivotal role in maintaining barrier 

integrity to ensure selective molecule passage between the gut lumen and the bloodstream. 
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A decrease in the expression of tight junction proteins suggested that the integrity of the 

intestine was compromised. DAO is present primarily in the intestinal mucosa, and its 

elevation in the blood circulation indicates early intestinal barrier damage (Liu et al., 

2020c). D-lactate is a metabolic byproduct of intestinal bacteria. Under physiological 

circumstances, only a minimal amount of D-lactate reaches the bloodstream. However, a 

compromised intestinal barrier can result in a significant increase in serum D-lactate levels. 

Taken together, a decrease in tight junction protein expression with an increase in serum 

DAO activity and D-lactate level indicated that the intestinal barrier function was impaired  

in the piglets with ETEC F4 infection. 

 

Increased oxidative stress can elicit inflammatory response and impair gut function (Chami 

et al., 2018). In the present study, ETEC F4 infection caused oxidative stress that was 

accompanied by an increased expression of inflammatory cytokines in the intestine. 

Glutathione is an important endogenous antioxidant in mammals (Vairetti et al., 2021). Its 

depletion correlated with increased oxidative stress in patients with chronic ulcerative 

colitis (Koch et al., 2000; Halliwell, 2024). In the present study, glutathione synthesis was 

compromised in the intestine, as evidenced by a decreased expression of glutathione 

synthesizing enzymes and low GSH level in the piglets with ETEC F4 infection. Nrf2 is a 

key transcription factor that regulates the expression of genes involved in antioxidant 

defense. Nrf2 is sensitive to redox status, and its activation enhances antioxidant defenses 

by upregulating the expression of antioxidant enzymes such as HO-1, glutathione 

synthetase, and SOD1 (Hybertson et al., 2011). In the present study, ETEC F4 infection 

decreased the nuclear level of Nrf2, indicating that Nrf2 activation was reduced in the 



137 
 

intestine (Figure 4.9). This was accompanied by a significant reduction of its target gene 

expression including antioxidant enzymes (HO-1, SOD) and glutathione synthesizing 

enzymes. These results suggested that altered Nrf2 activation could diminish antioxidant 

defense, leading to oxidative stress in the intestine of the piglets with ETEC F4 infection 

(Figure 4.9). Use of antibiotics is an effective strategy to counteract the harmful effects of 

ETEC infection in humans and piglets. In the present study, antibiotic supplementation 

restored Nrf2 activation and antioxidant enzyme expression in the intestine. Such treatment 

also reduced inflammatory cytokine expression and improved the integrity of the intestine. 

A recent study showed that use of probiotic (LR-LFCA) increased nuclear Nrf2 protein 

and HO-1 expression in the ileum of E. coli challenged piglets (Xie et al., 2021). The results 

suggested that restoration of Nrf2 signaling pathway could increase antioxidant capacity in 

piglets after infection. Our results showed that induction of oxidative stress in gut epithelial 

cell (Caco2) led to the inhibition of tight junction protein expression and an elevation of 

inflammatory cytokine expression. Antioxidant glutathione not only alleviated oxidative 

stress but also increased tight junction protein expression and attenuated inflammatory 

cytokine expression in Caco2 cells. Future studies may include experiments conducted in 

epithelial cells isolated from piglet intestine to complement the findings obtained from 

Caco2 cell line. The results obtained from cultured epithelial cells also need to be 

corroborated with the in vivo findings. Taken together, our results suggested that 

attenuation of oxidative stress might improve intestinal function. 

 

To the best of our knowledge, this is the first study reporting that altered Nrf2 activation 

diminished non-enzymatic and enzymatic antioxidant defense, leading to oxidative stress 
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in the intestine of piglets with ETEC F4 infection. Our in vivo and in vitro results support 

a notion that oxidative stress may contribute to increased gut permeability and 

inflammatory response. It was reported that ETEC infection was associated with altered 

gut microbiota and the immune system (Bin et al., 2018). Supplementation of antioxidants 

such as polyphenols could influence gut microbiota composition and promote intestinal 

health (Catalkaya et al., 2020). Although we observed that attenuation of oxidative stress 

in Caco2 cells could improve tight junction protein expression and reduce inflammatory 

cytokine expression, it remains to be investigated whether restoration of antioxidant 

defense can improve gut health. 
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Figure 4.9 Mechanisms of infection induced oxidative stress and intestinal 

dysfunction 

ETEC F4 infection impaired the Nrf2 signaling pathway in piglets, leading to reduced 

expression of enzymes involved in antioxidant defense (SOD1 and HO-1), and decreased 

GSH and GSH/GSSG ratio. This downregulation increased oxidative stress, promoted 

inflammation, and impaired intestinal barrier integrity, leading to intestinal dysfunction. 

Antibiotic supplementation to piglets or addition of GSH to epithelial cells restored 

antioxidant defense and intestinal function. Abbreviations: ETEC F4, enterotoxigenic 

Escherichia coli F4; GSH, reduced form of glutathione; GSSG, oxidized form of 

glutathione; Nrf2, nuclear factor erythroid 2-related factor 2; SOD1, superoxide dismutase-

1; HO-1, heme oxygenase-1. 
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4.6 Conclusions 

In summary, our study has shown that ETEC F4 infection induces oxidative stress by 

downregulating Nrf2 signaling and inhibiting glutathione biosynthesis in the intestine. 

Increased oxidative stress is associated with increased inflammatory response and impaired  

gut integrity. Antibiotic supplementation can restore glutathione biosynthesis and the 

expression of antioxidant enzymes in the intestine. Our results suggest that mitigation of 

oxidative stress is associated with a reduction of inflammatory response and an 

improvement of intestinal integrity. Regulation of redox status through restoration of 

antioxidant defense may improve intestinal function. 

 

The World Health Organization estimated that ETEC infection caused about 220 million 

global episodes of diarrhea. Considering this significant impact of ETEC infections on 

causing gastrointestinal disorders from incidences such as increased frequency of 

contamination in packaged salad, outbreaks on cruised ships, traveler’s diarrhea and 

malnutrition in children in developing countries, our findings are vital. They highlight the 

importance of understanding and potentially managing oxidative stress in the gut not only 

for animal health but also for crucial food safety and public health issues. This research 

presents alternative therapeutic (cf. vaccine) strategies and opens avenues for further 

studies to explore effective ways to control and prevent gastrointestinal disturbances 

caused by bacterial infections in diverse populations, thereby improving health outcomes 

in both humans and animals. 
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Transition statement  

Study 2 identified the mechanisms of ETEC infection-induced oxidative stress and its 

impact on gut function. It became clear that ETEC leads to intestinal oxidative stress and 

disrupts the key antioxidant pathways. While Study 2 highlighted the important role of 

oxidative stress and the depletion of glutathione in ETEC-induced intestinal dysfunction, 

the mechanisms by which the oxidative imbalance could be counteracted remained to be 

further explored. Study 3 investigated if attenuation of oxidative stress by probiotics could 

alleviate oxidative stress and improve gut function. Probiotics such as Bacillus 

licheniformis have been recognized for their ability to modulate gut microbiota, enhance 

antioxidant enzyme activity, and support intestinal barrier integrity (Sun et al., 2023; Yu et 

al., 2023). Study 3 aimed to determine how Bacillus licheniformis HG76 influenced 

glutathione synthesis, Nrf2 signaling, and antioxidant enzyme expression to counteract 

ETEC-induced oxidative damage. By transitioning from understanding the pathogenic 

effects of ETEC to evaluating targeted probiotic interventions, this research provides new 

insights into the role of oxidative stress in intestinal health management.  
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5.1 Abstract 

Enterotoxigenic Escherichia coli infection compromises intestinal barrier integrity, 

induces oxidative stress, and triggers inflammatory responses, causing a major threat to 

intestinal health. Although the glutathione (GSH) synthesis pathway and Nrf2 signaling 

are critical for maintaining redox homeostasis, the mechanisms through which probiotic 

regulate GSH synthesis and Nrf2 signaling in the context of E. coli infection remain 

unexplored. This study investigated the protective mechanisms of Bacillus licheniformis 

HG76 in mitigating oxidative stress and intestinal dysfunction caused by E. coli infection. 

A total of 28 piglets were assigned to four groups: a control group, an E. coli-infected 

group, and two E. coli-infected groups supplemented with either antibiotic (avilamycin) or 

probiotic (Bacillus licheniformis HG76). E. coli infection significantly elevated serum 

diamine oxidase (DAO) activity and D-lactate levels, indicating compromised intestinal 

barrier integrity and epithelial damage. The infection also increased malondialdehyde 

(MDA) levels and altered redox balance by lowering GSH levels and GSH/GSSG ratio in 

serum and intestine, indicating increased oxidative stress. Probiotic supplementation 

lowered DAO activity and D-lactate level, reduced MDA level, and restored GSH level 

and the GSH/GSSG ratio, demonstrating improved intestinal integrity and antioxidant 

capacity. The probiotic also upregulated GSH-synthesizing enzymes (glutamate-cysteine 

ligase subunits, glutathione synthetase), which were downregulated due to E. coli infection. 

In addition, the probiotic also enhanced tight-junction protein expression (Zonula 

occludens-1, occludin) and reduced pro-inflammatory cytokine level, improving intestinal 

barrier integrity and mitigating inflammation. Furthermore, the probiotic restored Nrf2 

signaling suppressed by infection, promoting nuclear translocation and increasing the 
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downstream antioxidant enzymes (heme oxygenase-1, superoxide dismutase 1) expression. 

By targeting GSH synthesis and Nrf2 activation, Bacillus licheniformis HG76 protects 

against oxidative damage and maintains gut health during E. coli infection, highlighting its 

therapeutic potential. 

 

Key words: Oxidative stress, Intestine, Probiotic, Piglets, Enterotoxigenic Escherichia 

coli 
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5.2 Introduction 

Enterotoxigenic Escherichia coli is the main cause of diarrhea, especially in young animals 

and humans, which poses a significant health and economic burden on agriculture and 

public health (Zhou et al., 2021b; Pupa et al., 2022). E. coli infection is characterized by 

the production of enterotoxins that bind to receptors on the epithelial cells of the intestine 

(Sheikh et al., 2022). This binding causes excessive secretion of chloride and bicarbonate, 

leading to an influx of water into the intestinal lumen and resulting in diarrhea and 

dehydration (Zhang et al., 2022b). In addition to direct clinical symptoms, E. coli infection 

can damage the intestinal barrier integrity and elevate oxidative stress in the intestine. 

Previous studies, including our research, have demonstrated that E. coli infection can 

significantly decrease the expression of tight junction proteins, resulting in increased 

intestinal permeability (Duan et al., 2022; Jin et al., 2024). Disruption of the intestinal 

barrier increases the translocation of pathogens and endotoxins into circulation, potentially 

causing systemic inflammation and multi-organ dysfunction, further impairing animal 

health. Probiotics have emerged as promising interventions for enhancing intestinal health, 

with Bacillus licheniformis being one of the strains known for its beneficial effects (Kim 

et al., 2022c). Bacillus licheniformis (S6 and PF9) have been shown to enhance gut 

integrity through upregulation of tight-junction proteins, including Zonula occludens-1 

(ZO-1) and occludin, which reduce intestinal permeability during infection (Yun et al., 

2022). Additionally, Bacillus licheniformis (HJ0135) also influences immune responses by 

reducing pro-inflammatory cytokine production, helping to maintain gut homeostasis 

during stress or infection (Yun et al., 2022). Beyond its anti-inflammatory effects, Bacillus 

licheniformis possesses antioxidant properties (Ramirez-Olea et al., 2022; Kumar et al., 
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2023). Previous research has indicated that Bacillus licheniformis or its exopolysaccharides 

supplementation can boost antioxidant enzyme activity, lower reactive oxygen species 

levels, and provide protection against lipid peroxidation (Petrova et al., 2021; Palkovicsné 

Pézsa et al., 2022). Despite these findings, the mechanisms underlying the protective 

effects of Bacillus licheniformis, particularly its role in antioxidant defenses, remain poorly 

understood. 

 

Oxidative stress is characterized by an imbalance between the production of ROS and the 

ability of the antioxidant defense system to neutralize thesis species (Yun et al., 2022). 

Previous studies have shown that MDA levels, a biomarker of oxidative stress, are 

increased in the serum and intestinal of piglets infected with E. coli (Wu et al., 2021a; Jin 

et al., 2024). Additionally, our previous study observed significant reductions in 

antioxidant defense, including decreased antioxidant GSH level and reduced the critical 

antioxidant enzymes (HO-1, SOD1) expression (Jin et al., 2024). Oxidative stress is known 

to impair cellular functions, exacerbate inflammation, and further weaken the intestinal 

epithelial barrier (Mostafavi Abdolmaleky and Zhou, 2024). Oxidative stress can also 

impair nutrient absorption, disrupt gut microbial composition, and delay recovery from 

infections, all of which contribute to poor growth performance, increase susceptibility to 

secondary infections, and reduce overall health in animals. These adverse effects highlight 

the importance of understanding how targeted interventions can reduce oxidative stress and 

maintain intestinal redox balance during E. coli infection. 
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Managing oxidative stress is closely related to the synthesis and maintenance of 

glutathione, which serves as a key intracellular antioxidant defense (Franco and Cidlowski, 

2009). GSH, in its reduced form, neutralizes ROS and helps maintain redox homeostasis 

(He et al., 2017). The production of GSH relies on the activity of essential enzymes. 

Glutamate-cysteine ligase, composed of a catalytic subunit (Gclc) and a modifier subunit 

(Gclm), catalyzes the initial and rate-limiting step of GSH synthesis, combining glutamate 

and cysteine to form γ-glutamylcysteine. This intermediate is subsequently converted to 

GSH through the action of GS, which adds glycine (Lu, 2013). Deficiencies in these 

enzymes, as observed during E. coli infection, significantly compromise the antioxidant 

capacity of the intestine, leaving the gut vulnerable to oxidative damage and inflammation 

(Jin et al., 2024). Nuclear factor erythroid 2-related factor 2 serves as a crucial 

transcriptional regulator of cellular antioxidant responses (Tonelli et al., 2017). Under 

normal conditions, Nrf2 is bound in the cytoplasm by Kelch-like ECH-associated protein 

1, which facilitates its ubiquitination and subsequent degradation via the proteasome 

(Kopacz et al., 2020). In the presence of oxidative stress, modifications to Kelch-like ECH-

associated protein 1 or shifts in cellular redox status release Nrf2, enabling its translocation 

to the nucleus (Bellezza et al., 2018). Within the nucleus, Nrf2 interacts with antioxidant 

response elements in the promoters of its target genes, enhancing the transcription of 

various antioxidant and detoxifying enzymes (Raghunath et al., 2018). Our previous study 

has highlighted that E. coli infection depletes intracellular GSH levels and disrupts Nrf2 

signaling, weakening the intestinal antioxidant defense (Jin et al., 2024). This disruption 

not only extends oxidative damage but also impairs key repair mechanisms required for 

intestinal recovery. These findings highlight the importance of developing strategies that 
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target Nrf2 signaling and GSH synthesis to restore antioxidant defense, restrict 

inflammation and improve gut health. 

 

However, the role of Bacillus licheniformis in modulating the process of GSH synthesis 

and Nrf2 signaling during E. coli-induced oxidative stress remains largely unexplored. 

Addressing this gap is critical to fully understanding the potential of probiotics in 

protecting against E. coli-induced oxidative damage and preserving intestinal health. This 

study aims to evaluate the protective role of Bacillus licheniformis in mitigating oxidative 

stress and its influence on the process of GSH synthesis and Nrf2 signaling pathways in 

the intestine of piglets infected by E. coli. We hypothesize that Bacillus licheniformis 

supplementation will enhance antioxidant defenses by upregulating GSH synthesis and 

activating the Nrf2 pathway, thereby mitigating oxidative stress and preserving intestinal 

integrity in E. coli -infected piglets. 

 

5.3 Materials and methods 

5.3.1 Animal trial design 

Piglets (TN Tempo × TN70) susceptible to enterotoxigenic Escherichia coli F4 infection 

were identified through MUC4 gene detection based on established protocols (Yang et al., 

2016; Sterndale et al., 2019b). The probiotic strain Bacillus licheniformis HG76 was 

provided by Dr. Joshua Gong’s laboratory in Guelph. The identity of Bacillus licheniformis 

HG76 was confirmed through 16S rDNA sequencing. Bacillus licheniformis HG76 (PRO 

HG76) was prepared and cultured following previously established protocols (Liu et al., 

2020a). Twenty-eight weaned piglets (28 days old) were randomly assigned to four groups: 
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Group 1 (control), Group 2 (E. coli infection), Group 3 (E. coli infection + antibiotic, E. 

coli + ABX), and Group 4 (E. coli infection + PRO HG76). Each group had seven piglets 

with similar initial body weights. Groups 1 and 2 received a basal diet based on NRC (2012) 

guidelines for piglets weighing 6-10 kg. Group 3 was given the same diet with antibiotic 

avilamycin (800 mg Surmax (10% premix) per kg; Elanco, AB, Canada). Group 4 received 

the basal diet with Bacillus licheniformis HG76 at a concentration of 1.0 × 10⁹ CFU per kg. 

On day 7, Groups 2, 3, and 4 were orally given Escherichia coli F4 (5 mL of 1 × 10⁶ 

CFU/mL suspension from Veterinary Diagnostic Services Laboratory, MB, Canada) (Choi 

et al., 2020). Blood samples were collected five days post-infection, processed by 

centrifugation at 4000 ×g for 10 minutes at 4°C. Mid-jejunum sections were collected and 

mucosal layers were gently scraped for analysis (Jin et al., 2022). Samples were stored at 

-80°C. All procedures followed the Canadian Council on Animal Care guidelines and were 

approved by the University of Manitoba Animal Care Committee (F19-020/2, AC11516). 

 

5.3.2 Biochemical measurements 

Diamine oxidase (DAO) activity and D-lactate levels, which reflect intestinal permeability, 

were determined using commercial assay kits (Cat. nos. ab241004 and ab83429, Abcam 

Inc., Toronto, ON, Canada). The DAO assay involved the conversion of a substrate to 

produce hydrogen peroxide (H₂O₂), which was subsequently utilized by an enzyme mix to 

generate a detectable fluorescent signal. For D-lactate, oxidation by D-lactate 

dehydrogenase produced a colorimetric change measured at 450 nm after a 30-minute 

incubation. Both assays were conducted using a microplate reader for detection. 

Malondialdehyde level, serving as an indicator of oxidative stress, were measured in both 
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intestinal and serum samples using the Thiobarbituric acid reactive substances assay, 

following procedures outlined in our previous study (Jin et al., 2022). For glutathione 

analysis, reduced (GSH) and oxidized (GSSG) forms in intestinal and serum samples were 

quantified via spectrophotometry, with absorbance measured at 412 nm after appropriate 

incubation (Jin et al., 2022). Protein concentration in samples is typically measured using 

the Bradford assay and the resulting color change is quantified spectrophotometrically at 

595 nm against a standard curve, providing a basis for normalizing biochemical 

measurements. 

 

5.3.3 Quantitative polymerase chain reaction (PCR) analysis 

Total RNA was extracted from tissue and processed for cDNA synthesis following 

established protocols (Wijerathne et al., 2022). Quantitative PCR (qPCR) was performed 

using gene-specific primers and a Bio-Rad real-time PCR system (Mississauga, ON, 

Canada). β-actin served as the reference gene. Primer sequences were designed with the 

assistance of the Primer-BLAST tool (Table 5.1). 
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Table 5.1 Primer sequences used for real-time PCR 

Genes Primer sequences (5’-3’) Accession Number Size (bp) 

Gclc 
F: GTCCAGTTGGTCCTGTCTGG 

R: CGGGAGTCCCTTCGATCATG 
XM_021098556.1 127 

Gclm 
F: TTGGAGCAGCTGTACCAGTG 

R: GAGCTTCCTGGAAACTCGCT 
XM_001926378.4 175 

GS 
F: GTGCTCAAGCCCCAGAGA 

R: ATGAGGCTCTCTCCTCACTGTC 
NM_001244625.1 119 

SOD1 
F: GTACCAGTGCAGGTCCTCAC 

R: TTTGCCAGCAGTCACATTGC 
NM_001190422.1 104 

HO-1 
F: GCTGAGAATGCCGAGTTCAT 

R: GCTGAGAATGCCGAGTTCAT 
NM_001004027.1 142 

ZO-1 
F: GATCCTGACCCGGTGTCTGA 

R: TTGGTGGGTTTGGTGGGTTG 
XM_021098896.1 200 

Occludin 
F: GAGAGAGTGGACAGCCCCAT 

R: TGCTGCTGTAATGAGGCTGC 
NM_001163647.2 163 

TNF-α 
F: TTCCAGCTGGCCCCTTGAGC 

R: GGCATTGGCATACCCAC 
NM_214022.1 143 

IL-6 
F: AAGGTGATGCCACCTCAGAC 

R: TCTGCCAGTACCTCCTTGCT 
NM_001252429.1 151 

β-actin 
F: CTGCGGCATCCACGAAACT 

R: AGGGCCGTGATCTCCTTCTG 
NM_001172909.1 147 
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5.3.4 Western blotting analysis 

Tissue protein extracts were prepared using RIPA buffer. Protein quantification was done 

via the Bio-Rad Protein Assay, and equivalent amounts were separated on SDS-PAGE gels 

before transfer to PVDF membranes. Membranes were blocked using 5% non-fat milk, 

followed by overnight incubation at 4°C with primary antibodies (Table 5.2). Detection 

involved HRP-conjugated secondary antibodies and enhanced chemiluminescence (ECL) 

for visualization. Protein bands were quantified relative to β-actin as a control. 
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Table 5.2 Primary antibodies for Western immunoblotting analysis 

Protein Antibody  Dilution factor Source Catalog number 

Gclc Rabbit anti-GCLC polyclonal  1:1000 Abcam ab41463 

Gclm Rabbit anti-GCLM polyclonal  1:1000 Abcam ab118974 

GS Rabbit anti-GS polyclonal  1:1000 Abcam ab91591 

SOD1 Rabbit anti-SOD1 polyclonal  1:1000 Abcam ab13498 

HO-1 Rabbit anti-HO-1 monoclonal  1:1000 Abcam ab189491 

Nrf2 Rabbit anti-Nrf2 monoclonal 1:1000 Abcam ab62352 

ZO-1 Rabbit anti-ZO-1 polyclonal 1:1000 Invitrogen 61-7300 

Occludin Rabbit anti-Occludin polyclonal 1:1000 Invitrogen 71-1500 

β-actin Rabbit anti-β-actin monoclonal 1:1000 Cell signaling 4970s 

Lamin B1 Rabbit anti-Lamin B1 polyclonal 1:1000 Abcam ab16048 
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5.3.5 Statistical analysis 

Data are presented as means ± standard deviation (SD). Prior to analysis, normality and 

variances homogeneity were assessed. For datasets with normal distribution, one-way 

ANOVA was performed, with Welch’s correction applied for unequal variances. Non-

normally distributed data were analyzed using the Kruskal-Wallis test followed by Dunn’s 

post hoc test for pairwise comparisons. Statistical significance was set at P < 0.05. All 

analyses were conducted using GraphPad Prism software (San Diego, CA, USA). 

 

5.4 Results 

5.4.1 Bacillus licheniformis HG76 improved intestinal integrity and decreased 

oxidative stress in the serum 

Diamine oxidase (DAO) is an enzyme marker for intestinal mucosal damage, while D-

lactate serves as an indicator of intestinal permeability. In this study, E. coli infection 

caused a marked elevation of serum DAO activity and D-lactate levels compared to the 

control (CON) group (Figure 5.1 A, B), indicating compromised intestinal integrity. 

Supplementation with either antibiotic (avilamycin [ABX] or the probiotic [Bacillus 

licheniformis HG76, PRO HG76]) significantly lowered serum DAO activity and D-lactate 

levels, indicating improved intestinal barrier function (Figure 5.1 A, B). Additionally, E. 

coli infection decreased serum GSH level and the GSH/GSSG ratio, suggesting increased 

oxidative stress and a weakened antioxidant defense, though no significant changes were 

observed in oxidized glutathione (GSSG) level (Figure 5.1 C-E). Moreover, serum MDA 

level, a marker of lipid peroxidation, was elevated following infection (Figure 5.1 F). 

Supplementation with antibiotic or probiotic restored the GSH level, the GSH/GSSG ratio 
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and the reduced MDA levels, mitigating oxidative stress biomarkers. These results 

suggested that antibiotic or probiotic supplementation can alleviate E. coli-induced 

intestinal permeability and oxidative stress. 
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Figure 5.1 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on markers of intestinal permeability and oxidative stress 

(A) Serum DAO activity, a marker of intestinal permeability and mucosal damage. (B) 

Serum D-lactate levels, indicating intestinal barrier function. (C) Serum levels of reduced 
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glutathione (GSH). (D) Serum levels of oxidized glutathione (GSSG). (E) GSH/GSSG 

ratio as an indicator of redox status. (F) Malondialdehyde (MDA) levels in serum, 

representing lipid peroxidation and oxidative stress. Data are expressed as mean ± SD (n = 

7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups included Control, E. coli-

infected (E. coli), E. coli-infected with avilamycin (E. coli + ABX), E. coli-infected with 

Bacillus licheniformis HG76 (E. coli + PRO HG76). 
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5.4.2 Bacillus licheniformis HG76 reduced intestinal oxidative stress  

The markers such as GSH, the GSH/GSSG ratio, and MDA are commonly used to assess 

intestinal oxidative stress and redox balance. The reductions in intestinal GSH or the 

GSH/GSSG ratio and increases in MDA level indicate oxidative stress damage and 

impaired antioxidant capacity. E. coli infection markedly decreased the intestinal GSH 

level and GSH to GSSG ratio, indicating disrupted antioxidant capacity and increased 

intestinal oxidative stress (Figure 5.2 A-C). Additionally, E. coli infection significantly 

elevated MDA levels, indicating increased oxidative stress in the intestine (Figure 5.2 D). 

Supplementation with either antibiotic or probiotic effectively increased the GSH level and 

the GSH/GSSG ratio and decreased GSSG level, demonstrating their roles in alleviating 

intestinal oxidative stress (Figure 5.2 A-C). Both antibiotic and probiotic treatments 

significantly reduced MDA levels, mitigating intestinal oxidative stress damage (Figure 

5.2 D). These results indicated that E. coli infection induced intestinal oxidative stress, 

while both antibiotic and probiotic provided protective antioxidative effects, reducing 

oxidative stress. 
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Figure 5.2 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on oxidative stress markers in the intestine 

(A) Intestinal levels of reduced glutathione (GSH). (B) Intestinal oxidized glutathione 

(GSSG) levels. (C) GSH/GSSG ratio, indicating redox balance in the intestine. (D) 

Malondialdehyde (MDA) levels, reflecting lipid peroxidation and oxidative stress. Data 

are expressed as mean ± SD (n = 7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups 
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included Control, E. coli-infected (E. coli), E. coli-infected with avilamycin (E. coli + 

ABX), E. coli-infected with Bacillus licheniformis HG76 (E. coli + PRO HG76).  



162 
 

5.4.3 Effect of Bacillus licheniformis HG76 on glutathione-synthesizing enzymes in the 

intestine 

To explore the mechanisms by which antibiotic and probiotic enhance intestinal GSH 

levels, we evaluated glutathione-synthesizing enzymes (Gclc, Gclm, GS) expression. E. 

coli infection significantly decreased the mRNA and protein levels of the Gclc, Gclm and 

GS (Figure 5.3), indicating impaired glutathione synthesis. Supplementation with either 

antibiotic or probiotic effectively restored the expression of Gclc and GS, demonstrating 

their protective role in maintaining glutathione synthesis. While Gclm mRNA levels were 

restored, its protein expression did not return to normal levels following antibiotic or 

probiotic supplementation. These results indicated that probiotics could partially reverse 

the inhibitory effect of E. coli infection on the glutathione synthesis pathway. 
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Figure 5.3 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on expression of GSH-synthesizing enzymes in the intestine 

(A) mRNA and protein levels of glutamate-cysteine ligase catalytic subunit (Gclc). (B) 

mRNA and protein levels of glutamate-cysteine ligase modifier subunit (Gclm). (C) 

mRNA and protein expression of glutathione synthetase (GS). Gene expression was 

quantified using real-time PCR, and protein levels were assessed by Western blotting. Data 

are shown as mean ± SD (n = 6-7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups 

included Control, E. coli-infected (E. coli), E. coli-infected with avilamycin (E. coli + 

ABX), E. coli-infected with Bacillus licheniformis HG76 (E. coli + PRO HG76). 
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5.4.4 Effect of Bacillus licheniformis HG76 on Nrf2 pathway in the intestine 

Nrf2 can regulate downstream antioxidant enzyme expression, such as heme oxygenase-1 

(HO-1) and superoxide dismutase 1 (SOD1). To evaluate the role of probiotic in regulating 

Nrf2 signaling, we analyzed intestinal levels of Nrf2, HO-1 and SOD1. E. coli infection 

suppressed Nrf2 activation by reducing its nuclear level in the intestine (Figure 5.4 A). E. 

coli infection decreased the expression of HO-1 and SOD1, indicating impaired antioxidant 

defense and increased susceptibility to intestinal oxidative stress. (Figure 5.4 B-C). 

Supplementation with either antibiotic or probiotic counteracted this effect, restoring Nrf2 

nuclear level and supporting its activation. Probiotic supplementation also restored the 

expression of HO-1 and SOD1, suggesting their capacity to enhance Nrf2 signaling and 

maintain the intestinal redox balance in the presence of E. coli-induced stress. 
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Figure 5.4 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on Nrf2 signaling and the expression of antioxidant enzymes in the 

intestine 

(A) Nuclear Nrf2 protein expression, representing Nrf2 activation and translocation. (B) 

mRNA and protein expression of heme oxygenase-1 (HO-1). (C) mRNA and protein 

expression of superoxide dismutase 1 (SOD1). Gene expression was determined using real-

time PCR, while protein levels were evaluated using Western blotting. Data are presented 

as mean ± SD (n = 5–7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups included 

Control, E. coli-infected (E. coli), E. coli-infected with avilamycin (E. coli + ABX), E. 

coli-infected with Bacillus licheniformis HG76 (E. coli + PRO HG76). 
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5.4.5 Effect of Bacillus licheniformis HG76 on intestinal tight junction protein 

expression  

Tight-junction proteins, including ZO-1 and occludin, are critical for maintaining intestinal 

epithelial integrity. Their expression serves as a key indicator of intestinal permeability. 

Infection with E. coli led to a marked reduction in the expression of these proteins, 

indicating an increased intestinal permeability (Figure 5.5). Supplementation with either 

antibiotic or probiotic effectively restored the expression of tight-junction proteins, thereby 

preserving the integrity of the intestinal epithelial barrier. These findings demonstrated that 

both treatments could protect the intestine from damage caused by E. coli infection, thereby 

enhancing intestinal integrity. 
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Figure 5.5 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on the expression of tight-junction proteins in the intestine 

(A) Expression of mRNA and protein levels of zonula occludens-1 (ZO-1). (B) Expression 

of mRNA and protein levels of occludin. Real-time PCR was used for gene expression 

quantification, and Western blotting assessed protein levels. Data are shown as mean ± SD 

(n = 6-7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups included Control, E. 
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coli-infected (E. coli), E. coli-infected with avilamycin (E. coli + ABX), E. coli-infected 

with Bacillus licheniformis HG76 (E. coli + PRO HG76). 
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5.4.6 Effect of Bacillus licheniformis HG76 on inflammatory cytokines in the intestine 

Pro-inflammatory cytokines play a critical role in initiating and amplifying the 

inflammatory response. E. coli infection significantly elevated the mRNA levels of 

proinflammatory cytokines (IL-6, TNF-α, IL-1β), indicating an elevated inflammatory 

response in the intestine (Figure 5.6 A-C). Supplementation with either antibiotic or 

probiotics effectively decreased these cytokines mRNA expression, thereby alleviating the 

inflammatory state caused by E. coli infection. These results suggested that probiotic 

exhibited anti-inflammatory properties, contributing to the regulation of cytokine 

expression and the attenuation of intestinal inflammation caused by E. coli infection. 
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Figure 5.6 Effects of Escherichia coli infection and Bacillus licheniformis HG76 

supplementation on mRNA expression levels of pro-inflammatory cytokines in the 

intestine 
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(A) Interleukin-6 (IL-6), (B) Tumor necrosis factor-alpha (TNF-α), and (C) Interleukin-1 

beta (IL-1β) mRNA expression was quantified using real-time PCR. Data are expressed as 

mean ± SD (n = 7 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Groups included 

Control, E. coli-infected (E. coli), E. coli-infected with avilamycin (E. coli + ABX), E. 

coli-infected with Bacillus licheniformis HG76 (E. coli + PRO HG76). 
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5.5 Discussion 

This study showed that Bacillus licheniformis HG76 had a protective effect against 

oxidative stress and intestinal dysfunction caused by E. coli infection, mainly by activating 

glutathione synthesis and the Nrf2 signaling pathway. In addition to its effects on redox 

balance, Bacillus licheniformis HG76 improved intestinal barrier integrity by enhancing 

the expression of tight-junction proteins (ZO-1 and occludin) that were disrupted by E. coli 

infection. Furthermore, the probiotic reduced levels of pro-inflammatory cytokines, 

mitigating inflammation in the intestine. These combined effects highlight the multiple 

protective roles of Bacillus licheniformis HG76 and provide new insights into the 

antioxidative and anti-inflammatory mechanisms mediated by probiotics, highlighting 

their therapeutic potential in managing E. coli-induced intestinal dysfunction. 

 

E. coli infection increased plasma DAO activity and D-lactate levels, markers of 

compromised intestinal barrier function (Honzawa et al., 2011; Guo et al., 2019). DAO is 

an enzyme released from the damaged intestinal mucosa, while D-lactate serves as a 

marker of intestinal permeability; elevated levels of these markers indicate increased 

intestinal permeability and damage (Luk et al., 1980; Nielsen et al., 2012). Our results 

showed that Bacillus licheniformis HG76 supplementation significantly lowered DAO 

activity and D-lactate levels, suggesting a protective role in maintaining intestinal barrier 

integrity and reducing epithelial damage caused by E. coli infection. This aligns with the 

findings from studies on other probiotic strains, such as Lactobacillus paracasei that 

significantly reduced DAO activity in E. coli-challenged mice, improving gut barrier 

integrity (Ren et al., 2022). Another study showed that Lactobacillus rhamnosus LB1 had 
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a protective effect in E. coli-infected piglets by lowering D-lactate levels and restoring 

tight-junction integrity, highlighting the potential of probiotics in mitigating intestinal 

permeability and inflammation associated with pathogenic infection (Wu et al., 2021a). 

Furthermore, probiotic supplementation improved intestinal barrier integrity by restoring 

the expression of ZO-1 and occludin that were disrupted by E. coli infection. Similar results 

were reported by a previous study where probiotic Bacillus licheniformis improved tight-

junction integrity and reduced permeability during pathogen-induced gut damage (Xu et 

al., 2024). The probiotic also exhibited anti-inflammatory properties by reducing pro-

inflammatory cytokine expression, thereby mitigating the inflammatory response 

associated with E. coli -induced gut damage. Several studies have confirmed that Bacillus 

licheniformis strains can modulate immune responses, reducing the expression of pro-

inflammatory cytokines, and enhancing anti-inflammatory pathways (Yun et al., 2022). 

This highlights their broad-spectrum anti-inflammatory capabilities in gut health. These 

combined effects highlight the multiple protective effects of Bacillus licheniformis HG76 

in maintaining intestinal health during pathogen challenge. 

 

E. coli infection is well-known for disrupting the redox balance in the intestine, leading to 

increased levels of oxidative stress markers, such as MDA that is a byproduct of lipid 

peroxidation and a reliable indicator of oxidative damage (Valenzuela, 1991; Wu et al., 

2021a; Luo et al., 2022a). Our study demonstrated that supplementation with Bacillus 

licheniformis HG76 significantly reduced the MDA levels in both serum and intestine, 

highlighting its potent antioxidative properties. This reduction in oxidative stress suggested 

that Bacillus licheniformis HG76 played a protective role in mitigating lipid peroxidation 
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and restoring redox balance in the gut environment following E. coli infection. Oxidative 

stress is also characterized by changes in glutathione (GSH) levels and the GSH/GSSG 

ratio (Degroote et al., 2020). GSH, a major intracellular antioxidant, plays a crucial role in 

neutralizing ROS and maintaining cellular redox homeostasis (He et al., 2017). The 

GSH/GSSG ratio serves as a key indicator of cellular oxidative stress, with a lower ratio 

reflecting a compromised antioxidant capacity (Marí et al., 2009). E. coli infection leads to 

a significant reduction in GSH level and a decreased GSH/GSSG ratio in both serum and 

intestinal tissues, indicating impaired antioxidant defense. We also observed that Bacillus 

licheniformis HG76 supplementation not only restored GSH levels but also increased the 

expression of key enzymes involved in GSH synthesis, including Gclc, Gclm and GS. This 

finding provides novel insights, as previous research on probiotics has largely overlooked 

their role in modulating GSH synthesis via the specific upregulation of these rate-limiting 

enzymes. By targeting these critical steps in GSH production, Bacillus licheniformis HG76 

enhances antioxidant defense mechanisms and counteracts E. coli-induced oxidative stress, 

thereby maintaining redox homeostasis. This unique mechanism highlights the probiotic’s 

therapeutic potential and sets it apart as a promising intervention for oxidative stress-

related intestinal dysfunction. 

 

The Nrf2 pathway plays a pivotal role in cellular antioxidant defense, regulating the 

expression of numerous antioxidant enzymes, including HO-1 and SOD1 (He et al., 2017). 

E. coli infection significantly suppressed Nrf2 activation, as indicated by reduced nuclear 

level of Nrf2. Probiotic supplementation restored Nrf2 activation and increased the 

expression of downstream antioxidant enzymes. Studies have indicated that probiotic 
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Clostridium butyricum strains can increase the mRNA expression of Nrf2, leading to 

increased antioxidant enzyme mRNA expression (HO-1 and SOD1) and reduced oxidative 

stress markers (Li et al., 2021a). Similarly, Lactobacillus rhamnosus LB1 supplementation 

in piglets has been shown to enhance Nrf2-related mRNA expression, mitigating E. coli-

induced oxidative stress through its antioxidative and anti-inflammatory actions (Wu et al., 

2022). Additionally, Lactobacillus delbrueckii subsp. bulgaricus exopolysaccharides 

increased nuclear Nrf2 translocation and elevated mRNA levels of antioxidant enzymes 

such as SOD, catalase, and HO-1, effectively countering oxidative stress in vitro (Liu et 

al., 2024a). However, although these studies focused on the regulation of Nrf2-related 

mRNA expression, there is limited evidence of direct regulation of Nrf2 protein activation 

and its nuclear transport in E. coli infection models. Our study demonstrates that Bacillus 

licheniformis HG76 can significantly promote the activation and nuclear transport of Nrf2 

protein in E. coli-infected piglets, thus providing a more comprehensive explanation of the 

Nrf2-mediated antioxidant defense mechanism (Figure 5.7). This study highlights potent 

protective effects of Bacillus licheniformis HG76 in mitigating oxidative stress and 

intestinal dysfunction induced by E. coli infection, demonstrating its potential as a 

therapeutic intervention. By modulating Nrf2 signaling, Bacillus licheniformis HG76 

enhances intestinal antioxidant capacity and effectively reduces oxidative damage. 

 

To the best of our knowledge, this study provides new evidence that Bacillus licheniformis 

HG76 supplementation enhances Nrf2 activation, thereby strengthening both non-

enzymatic and enzymatic antioxidant defenses to mitigate oxidative stress in the intestines 

of piglets infected with E. coli. Our findings highlight the critical role that probiotics can 
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play in maintaining intestinal health by reducing oxidative stress, restoring gut barrier 

integrity, and alleviating inflammation. Previous research has indicated that probiotic 

supplementation modulates gut microbiota and immune responses, contributing to 

intestinal health (Zhou et al., 2022). In this study, Bacillus licheniformis HG76 not only 

improved antioxidant capacity by upregulating GSH synthesis but also reduced pro-

inflammatory cytokine expression and restored tight-junction protein integrity. These 

results highlight the therapeutic potential of probiotics in mitigating oxidative damage and 

promoting gut health during E. coli infection. Further studies are warranted to uncover the 

precise mechanisms through which probiotics activate Nrf2 signaling and regulate 

glutathione synthesis and metabolism. Understanding how these interactions enhance 

antioxidant pathways, modulate gut microbiota composition, and influence immune 

homeostasis will provide deeper insights into the role of probiotics in mitigating oxidative 

damage and promoting intestinal health during E. coli infection.  

 

In conclusion, this study demonstrates that Bacillus licheniformis HG76 supplementation 

effectively mitigates the oxidative stress and intestinal dysfunction caused by E. coli 

infection. Bacillus licheniformis HG76 can enhance Nrf2 activation and boost both non-

enzymatic and enzymatic antioxidant defenses. These actions led to a significant reduction 

in oxidative damage, restoration of gut barrier integrity through increased expression of 

tight-junction proteins, and a decrease in inflammatory responses. This study suggests the 

potential of Bacillus licheniformis HG76 as a therapeutic intervention to strengthen 

antioxidant capacity, mitigate inflammation, and improve overall intestinal health during 

E. coli infection.  
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Figure 5.7 Mechanisms of protective role of Bacillus licheniformis HG76 in 

Escherichia coli infected oxidative stress and intestinal dysfunction 

Escherichia coli infection disrupted Nrf2 signaling in piglets, reducing the expression of 

key antioxidant enzymes (HO-1, SOD1) and lowering GSH levels and the GSH/GSSG 

ratio. These changes increased oxidative stress, triggered inflammation, and weakened 

intestinal barrier integrity, leading to intestinal dysfunction. Supplementation with Bacillus 

licheniformis HG76 countered these effects by reactivating Nrf2 signaling, which 

increased antioxidant enzyme levels and restored redox balance (higher GSH and 

GSH/GSSG ratio). This probiotic action helped reduce oxidative damage, limit 

inflammation, and enhance intestinal health in the presence of Escherichia coli. 

Abbreviations: Nrf2, nuclear factor erythroid 2-related factor 2; GSH, reduced glutathione; 

GSSG, oxidized glutathione; HO-1, heme oxygenase-1. 
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6.1 General discussion 

The gastrointestinal tract plays a central role in maintaining overall health. It acts as a 

critical interface between dietary inputs, microbial populations, and host immune responses 

(Jensen et al., 2022; Aziz et al., 2024). Oxidative stress is characterized by an imbalance 

between reactive oxygen species (ROS) production and antioxidant defenses, leading to 

cellular and tissue damage (Ballway and Song, 2021; Sies et al., 2022). The gastrointestinal 

tract is particularly vulnerable to oxidative damage due to its high metabolic activity and 

constant exposure to dietary and microbial antigens (Yun et al., 2022). Oxidative stress 

plays a pivotal role in the pathogenesis of many gastrointestinal disorders, and its 

regulation is critical for maintaining intestinal homeostasis (Vona et al., 2021). Dietary 

fiber plays a multifaceted role in gut health, not only as a nutrient source but also as a 

modulator of oxidative stress (Shah et al., 2020; Muscolo et al., 2024). Probiotics, as live 

beneficial microorganisms, contribute to gut health by modulating gut microbial 

populations, enhancing the host’s immune response, strengthening intestinal barrier 

function, and alleviating oxidative stress in the gastrointestinal tract (Feng and Wang, 

2020; Li et al., 2023b). Probiotic strains, such as Bacillus and Lactobacillus species, have 

been shown to improve gut health by modulating microbial populations, enhancing 

antioxidant enzyme activity, and reducing pro-inflammatory cytokines (Kong et al., 2020; 

Weng et al., 2025). This thesis aimed to investigate the impact of oxidative stress on 

intestinal health in pigs and explored potential dietary and probiotic strategies to mitigate 

oxidative damage. By examining the effects of dietary fiber, pathogenic challenges, and 

probiotic interventions, this research provided mechanistic insights and practical 

approaches for improving intestinal health and reducing the reliance on antibiotics in 
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livestock production. Our research demonstrated that:1) Under normal conditions, low-

fiber diets induced oxidative stress, prompting the intestine to activate glutathione 

synthesis as a compensatory response, while high-fiber diets helped maintain redox balance 

and reduced oxidative burden; 2) During bacteria ETEC infection, oxidative stress was 

caused by the suppression of Nrf2 signaling and the depletion of glutathione, leading to 

impaired intestinal barrier integrity and increased inflammation; 3) Probiotic Bacillus 

licheniformis HG76 restored redox balance by activating Nrf2 signaling and enhancing 

glutathione synthesis, effectively mitigating ETEC-induced oxidative damage and 

protecting intestinal integrity. 

 

6.2. Dietary fiber in livestock production 

6.2.1The role of dietary fiber in modulating oxidative stress 

Dietary fiber has long been recognized for its positive effects on gut health, primarily 

through its role in modulating microbial activity and producing short-chain fatty acids like 

butyrate (Gill et al., 2021). However, its specific impact on oxidative stress in pigs under 

normal physiological conditions requires further exploration. Dietary fiber level influences 

gut function not only through microbial fermentation but also by modulating antioxidant 

pathways, which can protect intestinal cells from oxidative damage (Han et al., 2023). 

Study 1 aimed to determine how high- and low-fiber levels in diets affected intestinal 

oxidative stress markers and antioxidant defenses, providing foundational insights into 

dietary modulation of redox balance. This is particularly relevant as the pork industry 

increasingly adopts high-fiber ingredients to reduce feed costs and improve sustainability. 

The study revealed that pigs on a high-fiber diet had lower levels of oxidative stress 
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compared to those on a low-fiber diet. Specifically, the markers of lipid peroxidation were 

significantly lower in the high-fiber group, suggesting that high-fiber diets helped mitigate 

oxidative damage in the intestinal environment. Conversely, pigs fed a low-fiber diet 

showed signs of oxidative stress adaptation, evidenced by increased synthesis of 

glutathione and its oxidized form. This indicates that the low-fiber diet imposes a higher 

oxidative challenge, prompting the intestine to enhance its antioxidant defenses. 

Interestingly, the overall redox balance, reflected in the GSH/GSSG ratio, remained stable 

across both groups. This suggested that while antioxidant defenses were activated under 

the low-fiber diet condition, the oxidative burden was inherently higher, potentially leading 

to long-term stress in the intestinal tissue. These results are consistent with other research 

showing that dietary fiber can directly influence antioxidant systems by promoting the 

production of beneficial metabolites like butyrate, which support the epithelial barrier and 

reduce oxidative damage (Khoshbin and Camilleri, 2020; Liu et al., 2021; Salazar-Bermeo 

et al., 2021; Munteanu and Schwartz, 2024). 

 

6.2.2 Optimizing dietary fiber for oxidative stress management and growth 

performance  

The impact of dietary fiber on oxidative stress was further reflected in growth performance 

outcomes. High-fiber diets, particularly those rich in insoluble fibers, supported better 

growth performance, likely due to improved gut health. In contrast, the animals fed low-

fiber diets experienced reduced growth rates, potentially linked to increased oxidative 

stress, which could impair intestinal function and nutrient utilization. The differences 

observed between the two groups fed with high or low fiber content highlighted the 
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importance of fiber in dietary formulations. This study underscored the dual role of dietary 

fiber as both a preventive and adaptive factor in oxidative stress management. High-fiber 

diets not only reduced oxidative challenges but also spared the intestine from the need to 

upregulate endogenous antioxidant pathways, preserving metabolic energy for growth and 

maintenance. Conversely, low-fiber diets, while capable of triggering compensatory 

antioxidant responses, might have imposed long-term oxidative stress on the intestinal 

system. These results suggested that optimizing dietary fiber content was crucial for 

sustaining gut health and enhancing animal productivity. These findings align with the 

previous research emphasizing the role of dietary fiber in reducing oxidative stress through 

microbiota-mediated mechanisms. Those studies have shown that butyrate, derived from 

fiber fermentation, enhance antioxidant enzyme activity and improve epithelial barrier 

function (Su et al., 2022b; Zhang et al., 2024). Study 1 extended existing knowledge by 

demonstrating a direct link between dietary fiber levels and GSH biosynthesis pathways in 

pigs, which suggested that an inadequate fiber intake increased the oxidative burden at a 

molecular level. 

 

6.2.3 Physicochemical properties and NSP composition of fiber sources shape their 

functional roles 

The effects of dietary fiber supplementation in pigs depend not only on the total fiber 

content but also on the soluble-to-insoluble NSP composition, which influences 

fermentability, gut motility, and microbial interactions (Jha and Berrocoso, 2015). In the 

present study, the high-fiber diet, formulated with increased inclusion of oat hulls and 

soybean hulls, was characterized by a higher total NSP level, predominantly composed of 
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insoluble components such as cellulose and arabinoxylans. In contrast, the low-fiber diet, 

while lower in total NSP, contained a slightly higher proportion of soluble NSP, including 

fermentable pectins and hemicelluloses. The high-fiber diet maintained intestinal redox 

balance and improved growth performance, suggesting that insoluble NSP can exert 

positive effects on gut function when included in appropriate amounts. Insoluble fibers 

increase luminal bulk, stimulate intestinal motility, and enhance epithelial turnover, all of 

which contribute to improved nutrient absorption and barrier integrity (Kim et al., 2008; 

Jha et al., 2019). Moreover, our findings align with other reports indicating that moderate 

levels of insoluble fiber can reduce post-weaning diarrhea and promote beneficial 

microbial colonization, particularly of Lactobacillus and Faecalibacterium spp., thereby 

supporting systemic health and growth (Muramatsu and Winter, 2024). While soluble NSP 

can stimulate SCFA production and immune modulation, our data sugget that insoluble 

fiber, when strategically incorporated, can also yield significant functional benefits, 

particularly by improving intestinal redox homeostasis. Therefore, fiber functionality in 

pig diets cannot be evaluated based solely on solubility. Instead, both the type and inclusion 

level of NSP must be considered in combination with developmental stage and 

physiological context. Future research should aim to refine fiber formulations by balancing 

soluble and insoluble fractions to achieve optimal gut fermentation patterns, barrier 

function, and growth trajectories in swine production. 
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6.3 Exploring the impact of ETEC infection on redox homeostasis and intestinal 

health 

While Study 1 highlighted how dietary fiber modulates oxidative stress under normal 

conditions, it left unexplored the effects of external stressors, such as pathogenic infections, 

on the intestinal antioxidant defense mechanisms. Enterotoxigenic Escherichia coli 

infection is a major cause of post-weaning diarrhea in piglets, impairing growth 

performance and compromising gut integrity (Eriksen et al., 2021; Wang et al., 2024b). 

ETEC not only disrupts the intestinal barrier but also induces oxidative stress, amplifying 

inflammatory response and tissue damage. However, the precise mechanisms linking 

oxidative stress to intestinal dysfunction during ETEC infection remained unclear. Study 

2 aimed to dissect the mechanisms through which ETEC infection alters redox homeostasis 

and to explore how these changes contribute to gut dysfunction. 

 

6.3.1 ETEC-induced oxidative stress: disruption of Nrf2 and intestinal barrier 

integrity 

Study 2 demonstrated that ETEC infection caused a significant increase in oxidative stress 

markers, MDA, in the intestine of the infected piglets. Simultaneously, the levels of GSH, 

the primary intracellular antioxidant, were markedly reduced in the jejunum and serum. 

Such a depletion reflected a weakened antioxidant defense system that was unable to 

counteract the rising ROS levels effectively. Additionally, ETEC infection significantly 

reduced the expression of glutathione synthesizing enzymes. The suppression of these 

enzymes indicated a direct disruption of glutathione metabolism, exacerbating the 

oxidative stress. The suppression of Nrf2 signaling pathway was a central mechanism 
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contributing to this oxidative imbalance. The reduced nuclear level of Nrf2 observed in 

this study led to a decline in the expression of antioxidant enzymes in the intestine. Nrf2 is 

a transcription factor that regulates the expression of glutathione synthesizing enzymes. 

The reduction in GSH synthesis aligned with the suppression of Nrf2 observed in this 

study. This disruption highlights how ETEC actively impairs the host’s ability to counteract 

ROS, leading to sustained oxidative stress. The oxidative stress induced by ETEC infection 

had downstream effects on intestinal barrier integrity. The decreased expression of tight 

junction proteins compromised intestinal barrier function, leading to increased gut 

permeability, as evidenced by elevated serum DAO activity and D-lactate level. This 

disruption of the epithelial barrier may facilitate the translocation of pathogens and toxins 

into the systemic circulation, exacerbating inflammation and further compounding 

oxidative damage. The observed changes in glutathione metabolism and Nrf2 suppression 

established a cause-and-effect relationship: ETEC infection reduced the expression of 

glutathione synthesis enzymes, depleting GSH levels and impairing antioxidant defenses. 

This oxidative imbalance led to lipid peroxidation, tight junction disruption, and ultimately 

intestinal barrier dysfunction. 

 

6.3.2 Therapeutic potential of GSH in attenuating oxidative stress and improving gut 

barrier integrity 

In vitro experiments demonstrated that exogenous GSH supplementation restored the 

expression of tight junction protein intestinal epithelial cells, demonstrating a correlation 

between oxidative stress and epithelial barrier function. By reversing the effects of H2O2-

induced Nrf2 suppression, GSH improved intestinal barrier integrity, reducing epithelial 
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permeability and mitigating the risk of systemic inflammation. These results suggested that 

the disruption of glutathione metabolism was a central driver of barrier dysfunction, which 

could be effectively targeted through antioxidant restoration. These results provided a 

mechanistic link between Nrf2 suppression and impaired glutathione metabolism, 

distinguishing this study from earlier work on oxidative stress in bacterial infections. These 

findings underscored the central role of glutathione metabolism in maintaining intestinal 

health during bacterial infections. The ability of GSH to restore nuclear Nrf2 expression 

and improve both antioxidant defenses and barrier function highlighted its potential as a 

therapeutic agent. 

 

6.4 Probiotics as sustainable alternatives for counteracting ETEC-induced oxidative 

stress 

Building on the insights gained from Study 2, which demonstrated the efficacy of GSH in 

restoring Nrf2 expression and mitigating oxidative stress, the next step was to explore 

sustainable alternatives. Probiotics have gained significant attention as natural modulators 

of gut health, particularly under stress conditions caused by pathogenic infections 

(Mousavi Khaneghah et al., 2020). Their mechanisms include promoting beneficial 

microbial populations and producing short-chain fatty acids (Raheem et al., 2021; Rastogi 

and Singh, 2022). Bacillus licheniformis, a spore-forming probiotic, has shown potential 

for surviving harsh gastrointestinal environments, allowing it to directly influence gut 

homeostasis (Li, 2021; Todorov et al., 2022). Study 3 hypothesized that Bacillus 

licheniformis HG76 could counteract ETEC-induced oxidative stress restoring Nrf2 
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activity, enhancing GSH synthesizing enzyme expression, and protecting the intestinal 

barrier. 

 

6.4.1 Bacillus licheniformis HG76: A multifaceted approach to mitigating ETEC-

induced oxidative stress and gut dysfunction 

Under E. coli infection condition, the Bacillus licheniformis HG76 supplement could 

effectively restore glutathione levels and reduce MDA, highlighting its role in enhancing 

the host’s antioxidant capacity. This restoration was mediated by upregulation of key 

glutathione synthesizing enzymes. Oxidative stress during infection is closely linked to 

intestinal barrier dysfunction. A key mechanism underlying this effect was the activation 

of the Nrf2 signaling pathway. Bacillus licheniformis HG76 supplementation activated 

Nrf2, enhancing its nuclear level and restoring the expression of antioxidant enzymes. 

Bacillus licheniformis HG76 supplementation also significantly improved intestinal barrier 

integrity by upregulating tight junction proteins such as ZO-1 and occludin, which were 

otherwise reduced under stress conditions. Additionally, the probiotic reduced the markers 

of intestinal permeability, including serum DAO activity and D-lactate level, indicating its 

protective effects on gut epithelial function. Furthermore, Bacillus licheniformis HG76 also 

had anti-inflammatory effects by reducing the expression of pro-inflammatory cytokines, 

including IL-6, TNF-α and IL-1β. This reduction in inflammation was likely a downstream 

result of improved antioxidant defenses, as oxidative stress is a known driver of 

inflammatory pathways. By modulating both oxidative and inflammatory responses, the 

probiotic effectively protected the gut during stress conditions. These results underscored 

the multifaceted benefits of Bacillus licheniformis HG76 in addressing oxidative stress, 
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intestinal barrier dysfunction, and inflammation. While previous studies on Bacillus 

species have highlighted their general gut health benefits, this study uniquely demonstrated 

their ability to upregulate GSH synthesis and activate Nrf2 signaling. Moreover, these 

results extended previous research on probiotics by emphasizing their capacity to restore 

antioxidant enzyme systems in livestock.   
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CHAPTER SEVEN: CONCLUSIONS, LIMITATIONS AND FUTURE 

PERSPECTIVES   
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7.1 Conclusions 

The present study provides significant insights into the role of oxidative stress in intestinal 

health. It highlights the dietary fiber and probiotic strategies to mitigate oxidative damage 

in pigs under physiological and pathogenic conditions, respectively. The major findings 

include: 

1) the evidence that high-fiber diets can protect against oxidative stress, enhance GSH 

synthesis, and maintain intestinal homeostasis under physiological conditions, while 

simultaneously improving growth performance. 

2) the identification of oxidative stress as a critical factor contributing to gut injury during 

infection, primarily through the downregulation of Nrf2 signaling pathways, which leads 

to impaired antioxidant defenses and increased inflammation. 

3) the demonstration that GSH supplementation in the culture medium alleviated H₂O₂-

induced oxidative stress in intestinal epithelial cells, which was associated with 

upregulated tight junction protein expression to support barrier integrity, and 

downregulated pro-inflammatory cytokine expression. 

4) the efficacy of Bacillus licheniformis HG76 in mitigating ETEC-induced oxidative 

stress by reactivating Nrf2 signaling, increasing GSH synthesis, reducing oxidative 

damage, and restoring tight-junction protein expression to protect gut barrier integrity. 

Overall, the present study has identified the critical role of oxidative stress in gut health. It 

has demonstrated the potential of dietary fiber and probiotic strategies to restore 

antioxidant defenses, reduce inflammation, and improve intestinal function. The 

integration of these strategies into livestock production systems represents a significant 

advancement toward sustainable and efficient animal management practices. 
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7.2 Limitations and future perspectives 

7.2.1 Impact of soluble and insoluble fiber levels on intestinal oxidative stress 

The first study established that fiber supplementation could maintain intestinal redox 

balance and improve growth performance. Dietary fiber can be divided into soluble and 

insoluble fiber according to its solubility in water (Wang et al., 2022c). Each type exerts 

distinct physiological effects on gut health, influencing digestion, microbiota composition, 

and intestinal function (Gill et al., 2021). Soluble fibers, such as inulin, pectin, and resistant 

starch, are fermentable by gut microbiota, leading to increased production of butyrate, 

which possesses anti-inflammatory properties (Blanco-Pérez et al., 2021; Muthyala et al., 

2022; Chen et al., 2024b). These fibers also have been shown to enhance the growth of 

beneficial bacteria, such as Bifidobacterium and Lactobacillus, modulating gut microbiota 

composition and maintaining gut function (Wang et al., 2022a). Furthermore, different 

inclusion levels of soluble fiber have been reported to variably affect gut barrier function. 

While moderate levels enhance mucus production and improve intestinal barrier integrity, 

excessive fibers can lead to osmotic imbalances and excessive fermentation, causing 

bloating and diarrhea (Chen et al., 2022b). Insoluble fibers, primarily affect gut motility 

and fecal bulk rather than microbial fermentation (Baky et al., 2024). They accelerate 

intestinal transit time, reducing gut residence time for harmful metabolites (Baky et al., 

2024). Different levels of insoluble fiber inclusion have been shown to modulate gut 

morphology. Moderate levels promote epithelial proliferation and support gut integrity, 

while excessive levels can potentially cause mechanical irritation of the mucosa, leading 

to inflammation (Jha and Berrocoso, 2015; Gill et al., 2021). To address the limitations in 

understanding fiber dose-response relationships, future studies should be designed as dos-
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response trials incorporating multiple levels of both soluble and insoluble fiber types in a 

factorial design. Key outcome measures should include redox biomarkers (e.g., 

GSH:GSSG ratio, MDA), gut permeability assays (e.g., FITC-dextran), and microbial 

fermentation endpoints (e.g., SCFAs profiles). Advanced fiber characterization, including 

water-holding capacity, fermentability assays, and viscosity measurements, should be 

integrated into the trial design. Longitudinal sampling across multiple post-weaning time 

points would clarify dynamic changes in response to dietary fiber and enable better 

definition of optimal inclusion thresholds. Investigating the interactions between fiber type, 

concentration, and oxidative stress regulation will provide valuable insights for precision 

dietary strategies. Advanced methodologies such as metabolomics and microbiome 

sequencing should be employed to elucidate fiber-induced metabolic shifts and their impact 

on oxidative stress regulation. 

 

7.2.2 Long-term effects of Nrf2 modulation in gut health 

The second study highlighted the modulation of Nrf2 activity as a key mechanism for 

oxidative stress regulation during ETEC infection. In piglet production, E. coli infections 

are a major cause of post-weaning diarrhea and reduced growth performance (Canibe et 

al., 2022). Short-term infections often occur within the first few weeks post-weaning due 

to immature gut immunity, leading to acute diarrhea and transient dysbiosis (Tang et al., 

2024). Studies have reported that acute E. coli infections in piglets increase the expression 

of pro-inflammatory cytokines such as IL-1β and TNF-α, and reduce villus height, 

impairing nutrient absorption (Kim et al., 2022b). Long-term or recurrent infections, often 

due to subclinical E. coli exposure in contaminated environments, can result in chronic gut 
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inflammation and persistent microbiota imbalances (Sun et al., 2020a). Long-term studies 

have shown that recurrent E. coli infections disrupt gut homeostasis by shifting microbiota 

composition toward pathogenic strains, reducing beneficial Lactobacillus populations, and 

causing intestinal fibrosis (Small et al., 2013; Sun et al., 2020a). These chronic infections 

may impair nutrient absorption, leading to stunted growth and increased susceptibility to 

secondary infections. Additionally, some studies have shown that individuals with a history 

of prolonged E. coli infections have a higher prevalence of inflammatory bowel disease 

due to persistent immune stimulation and compromised gut barrier function (Ternhag et 

al., 2008). To expand on this mechanism, future research should employ chronic or 

repeated E. coli challenge models over extended post-weaning periods (e.g., 4-6 weeks) to 

assess the sustained regulatory role of Nrf2. Experimental designs should include Nrf2 

knockout or inhibitor groups to confirm causality and delineate downstream targets via 

transcriptomic or proteomic analysis of intestinal tissues. Additionally, integrating 

histological evaluation of intestinal fibrosis, immune cell infiltration, and gut permeability 

would provide comprehensive insight into long-term consequences of Nrf2 modulation. 

Understanding whether activating Nrf2 can alleviate gut damage caused by chronic 

oxidative stress will provide valuable insights into potential therapeutic strategies. 

 

7.2.3 Probiotic effects on microbiota composition  

The third study demonstrated the efficacy of Bacillus licheniformis HG76 in reducing 

oxidative stress and enhancing gut integrity. Probiotics have been shown to modulate 

microbial diversity and function, indirectly affecting antioxidant pathways (Riaz Rajoka et 

al., 2021). Probiotic administration can enhance the abundance of beneficial bacteria which 
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contribute to gut homeostasis by increasing SCFAs production and reducing the 

proliferation of pathogenic bacteria (Tojo et al., 2014; Surendran Nair et al., 2017; 

Markowiak-Kopeć and Śliżewska, 2020). Butyrate has been shown to reduce oxidative 

stress regulation by maintaining intestinal barrier function and modulating inflammatory 

responses (Liu et al., 2021). The gut microbiota plays a crucial role in controlling oxidative 

stress (Kunst et al., 2023). Microbial-derived metabolites, such as SCFAs and polyphenol 

metabolites, activate host antioxidant pathways (Munteanu and Schwartz, 2024). When the 

gut microbiota is balanced, it helps reduce oxidative damage and supports gut health. 

However, dysbiosis, or an imbalance in microbial composition, increases oxidative stress, 

weakens the gut barrier, and promotes inflammation (Li et al., 2023a). The specific role of 

Bacillus licheniformis HG76 in this regulatory process is still unclear and requires further 

investigation. Future studies should utilize gnotobiotic or antibiotic-treated piglet models 

to evaluate the specific contribution of B. licheniformis HG76 to microbiota-mediated 

antioxidant responses. Time-series sampling with 16S rRNA and shotgun metagenomics 

should be used to capture probiotic-induced microbial shifts, while concurrent 

measurement of SCFA levels and antioxidant gene expression (e.g., Nrf2, HO-1) will help 

clarify functional outcomes. Additionally, future trials should test the synergistic effects of 

co-administering B. licheniformis with known Nrf2 activators (e.g., sulforaphane) or 

soluble fiber to explore multi-modal strategies for redox balance. 

 

In conclusion, the present studies demonstrate that dietary fiber, Nrf2 activation, and 

probiotic supplementation are effective strategies for regulating oxidative stress and 

maintaining intestinal health in pigs. High-fiber diets, predominantly composed of 
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insoluble non-starch polysaccharides, such as cellulose and arabinoxylans, improved 

intestinal redox balance and growth performance, highlighting the functional benefits of 

appropriately formulated insoluble fiber. Optimizing the balance of soluble and insoluble 

fiber may enhance gut barrier function and microbial fermentation, improving feed 

efficiency and growth performance. Nrf2 downregulation during ETEC infection 

compromises antioxidant defenses and exacerbates inflammation, and its role in chronic 

oxidative stress remains unclear. However, its long-term regulatory potential in chronic or 

recurrent infections remains unclear, warranting future studies using extended E. coli 

challenge models to determine whether sustained Nrf2 activation can protect the intestinal 

barrier and reduce post-weaning morbidity. Further research is needed to determine 

whether sustained Nrf2 activation can mitigate long-term oxidative damage, maintain 

intestinal homeostasis, and enhance resilience against recurrent infections, ultimately 

improving post-weaning survival and growth performance. Bacillus licheniformis HG76 

reduces oxidative stress and supports gut integrity, but whether it also exerts its antioxidant 

effects through gut microbiota remains unclear. Taken together, these results emphasize 

that dietary fiber functionality depends not only on total inclusion levels, but also on 

physicochemical properties, solubility, and interaction with the host microbiota and 

immune system. Future research should integrate dose-response designs, multi-omics 

approaches, and long-term infection models to refine fiber-based strategies, optimize Nrf2-

targeted interventions, and unravel probiotic-host-microbiota interactions. Such integrative 

approaches will contribute to the development of precision nutritional solutions that 

enhance gut health, improve feed efficiency and growth trajectories, and ultimately reduce 

the reliance on antibiotics in modern swine production systems.  
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