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Abstract 
Mitigating Heat-Induced Cellular Stress in Intestinal Epithelium: Insights from the 

IPEC-J2 Cell Line 

Aoife McCormack 

Heat stress (HS) represents a major challenge to livestock production due to rising global 
temperatures, negatively impacting the health of the animal, productivity, and welfare. The 
swine industry is particularly vulnerable, as pigs have limited ability to regulate their body 
temperature, making them susceptible to heat-induced intestinal dysfunction and impaired 
cellular function. In this study the porcine intestinal epithelial cell line, IPEC-J2, was used 
as an in vitro monoculture model to investigate the effects of HS and to evaluate the 
protective potential of five organic Selenium (Se) products, one inorganic Se source, and 
vitamin (E and C) supplementation. Initial studies were conducted to establish a suitable 
HS model. IPEC-J2 cells exposed to 41°C, 42°C, and 44°C for 2 hours and 24 hours were 
assessed for relative cell metabolic activity (n = 3), and expression of heat shock protein 70 
(HSP70) (n = 3). Based on these results, exposure to 42°C for 24 hours was identified as 
the optimal condition to induce HS. Cells were subsequently treated with Se compounds at 
0.2 µg/mL, vitamin E at 10.72 µg/mL, and vitamin C at varying concentrations (ranging 
between 25 and 300 µg/mL) for 24 and 48 hours prior to a further 24 hours heat exposure. 
The results demonstrated variability across Se products (n = 3). Notably, Inorganic Se (E) 
was associated with higher metabolic activity than untreated heat-stressed cells (n = 3) 
after 24-hour treatment and exhibited a similar HSP70 expression to untreated control cells 
at 37°C (n = 5). To further investigate the molecular mechanisms underlying these 
responses, proteomic analysis was performed (n = 3). HS induced alterations in proteins 
associated with oxidative stress, protein folding, and translational regulation. Se 
supplementation partially reversed these changes, supporting its role in maintaining redox 
balance and cellular homeostasis. IPEC-J2 monoculture model does not account for whole-
animal physiological responses such as thermoregulation. Nevertheless, the findings 
demonstrate treatment-associated changes in cellular metabolic activity, stress responses, 
and protein expression patterns under HS conditions in this in vitro model. 
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1.1 Animal Production 

In recent years there has been an increase in global animal production, which has expanded 

in response to growing human dietary requirements. These increases are largely driven by 

rising global populations and disposable incomes worldwide (Bahar et al., 2020; Tullo et 

al., 2019). 

Production across the major primary livestock categories has shown a steady 

increase over the past decade. In 2024, global meat output  reached 374 million tonnes 

(Mt), representing a 28% increase compared with 2010. Poultry, pork, and beef were the 

three most widely produced meat types worldwide in 2024. Pig production  increased by 

17 Mt since 2010, reaching a total of 125 Mt in 2024, a 16% increase since 2010. The 

Americas and Asia led the global meat production in 2024. China represents 46% of global 

pig meat production, this is followed by the United States of America (10%), and Brazil, 

Spain, and the Russian Federation each at 4% (FAO, 2024).  

The European Union (EU) saw a 1% increase in pig meat production in 2024 

compared to 2023. Spain produced 24% of the market share in the EU, making it the 

largest pig meat producer in the EU in 2024, Germany made up 20%, France 10%, while 

Ireland made up 2% (Department of Agriculture, 2025).  

 

1.2 Climate Change/Global Warming 

Climate change has always been a concern for humans, but in the 21st century climate 

change is being viewed as one of the most critical concerns not only for humans but for all 

forms of life. The rise in global temperature is causing crucial complications with 

noticeable signs, notably , extreme  weather events , an increase in the melting of polar ice, 

and the rising of sea levels . Over time, the impacts of climate change are intensifying, 

posing serious threats to the planet and leading to pressing consequences (Singh et al., 

2017). The Synthesis Report of the IPCC Sixth Assessment Report stated that global 

surface temperature was 1.09°C higher in 2011-2020 compared to 1850-1900. It also 

predicts that there will be a further increase in global temperature, estimated to surpass 

1.5°C by 2030, if the levels of greenhouse gases continue to rise (Calvin et al., 2023). With 

the rise in global temperature, heat waves are increasing in both frequency and duration. 

This is leading to health impacts on livestock and economic costs caused by heat being 

increased. In 2003 it was estimated that financial costs would be approximately $900 
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million/year in dairy products and more than $300 million/year in swine, solely in the USA 

(St-Pierre et al., 2003), but more recent estimates place the economic losses at US$1.5 

billion for the dairy industry and US$1 billion for the swine industry in the USA alone 

(Key & Sneeringer, 2014; Mayorga et al., 2019).  

Rising global temperatures and increases in relative humidity present significant 

challenges to livestock production systems (Osei-Amponsah et al., 2019). These 

environmental conditions compromise the thermoregulatory capacity of homeothermic 

animals, such as ruminants, pigs, and poultry, which normally maintain a stable body 

temperature within a defined thermoneutral zone (TNZ) (Joy et al., 2020). When 

environmental temperatures exceed the upper limit of the TNZ, animals are unable to 

dissipate excess heat efficiently through mechanisms such as sweating and panting, leading 

to an increase in body temperature, development of hyperthermia, and ultimately heat 

stress (HS) (Gonzalez-Rivas et al., 2020; Renaudeau et al., 2012). 

 

1.3 Thermoregulation and Heat Stress in Swine 

Pigs are one of the most affected animals by heat stress due to a limited number of 

functional sweat glands, and a thick layer of subcutaneous fat. Rather, when the 

temperature increases, vasodilation will occur in blood vessels in the skin, facilitating the 

transfer of warm blood from core organs to the outer organs. This enhances heat 

dissipation by increasing the thermal gradient between the animal and its external 

environment (Blatteis, 1998; Curtis, 1983). The movement of blood from core organs to 

peripheral organs can cause risk of reducing the blood flow to essential organs, such as less 

blood flow to the intestinal system, which can negatively impact the health and well-being 

of the pig, as necessary nutrient absorption is impaired (Collin et al., 2001; Koch et al., 

2019). 

As pigs are homeothermic animals, they maintain a constant body temperature, 

within a narrow range. This requires a finely regulated balance between heat production 

and heat dissipation, which is known as thermoregulation (Herpin et al., 2002). 

Thermoregulation is a process that is mediated through neural pathways. The process 

allows animals to maintain a stable internal environment by responding to their external 

environment through appropriate efferent responses, such as vasoconstriction or panting 

(Collier & Gebremedhin, 2015).  
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In animals, an increase in environmental temperature is detected by 

thermoreceptors which triggers the hypothalamus to activate physiological mechanisms to 

enhance heat dissipation, including sweating, an increase in respiratory rate, and a 

redistribution of blood flow (Gleeson, 1998). In pigs, as they lack functional sweat glands 

and have a thick layer of subcutaneous fat, they lose heat in the form of sensible and latent 

heat loss. Sensible heat loss occurs through conduction, convection, and radiation, whereas 

latent heat loss involves the process of evaporation of water, mainly through respiration 

(DeShazer et al., 2009). Conduction heat transfer takes place through the direct contact of 

two surfaces where the higher temperature is exchanged to the lower temperature, for 

example pigs lying down and wallowing in water or mud (Olsen et al., 2001). Convective 

heat loss occurs as a result of the temperature difference between the animal’s body and the 

ambient air. Forced convection occurs when an external pressure gradient causes air to 

move across the animal’s body, this is typically generated using mechanical systems such 

as fans to create the external pressure. Radiative heat transfer takes place between two 

surfaces, each emitting energy at wavelengths determined by the temperature of the 

emitting surface (Collier & Gebremedhin, 2015). Latent heat dissipation occurs through 

evaporative heat loss through the respiratory system and the skin (DeShazer et al., 2009). 

Two of the main autonomic responses that are exhibited by animals are sweating and 

panting. Sweating is a process that promotes evaporative cooling through water loss from 

the skin surface, whereas in panting, core body heat is used to heat water vapour which is 

then expelled from the lungs as vaporised moisture (Collier & Gebremedhin, 2015). As 

pigs have a lack of functional sweat glands, latent heat loss is mainly through respiration 

i.e. panting (Renaudeau et al., 2007).  

Figure 1.3-1 provides a schematic representation of the relationship between the 

environmental temperature and heat production in pigs. Within the TNZ, pigs dissipate 

heat through sensible and latent heat loss, but when the ambient temperature goes above 

the upper critical temperature (UCT) pigs rely more on latent heat loss, by increasing their 

respiration rate, because sensible heat loss becomes inefficient as the temperature gradient 

between the skin and the ambient air decreases (Gourdine et al., 2021). 
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Figure 1.3-1: Thermal comfort concept in swine- image was created based on information from 

Vermeer and Hoofs (2024), where thermoneutral zone is the area of ambient temperature. When the 

environmental temperature rises, pigs reach their upper critical temperature (UCT) entering them 

into heat stress, but heat stress may begin in the warm section of the thermoneutral zone (Vermeer 

& Hoofs, 2024). 

 

A general concept of thermoregulation in animals was developed by Mount 

(Mount, 1979) which has been modified by Yousef (Yousef, 1985), which is shown in 

Figure 1.3-1. The TNZ lies between the lower critical temperature (LCT) and the upper 

critical temperature (UCT), within this zone pigs can maintain a constant core temperature. 

The TNZ varies depending on the animals’ size, breed, feed intake, and environmental 

factors including the activity of the animal. Within the TNZ there is cold, comfort zone, 

and warm. In the cold zone, a reduction in heat loss can be achieved by behavioural 

changes such as huddling with other animals. In the comfort zone, animals do not need to 

adapt in any way to account for heat loss. In the warm zone, behavioural changes are used 

to regulate heat loss, in this case animals will rest in cool places such as shaded space, or 

on wet areas. If the temperature drops below the LCT, the animals’ body temperature will 

also drop which can lead to cold stress. In response to this, the animal will aim to increase 

its body temperature through shivering thermogenesis. Whereas if the temperature rises 

above the UCT, animals will start showing signs of heat stress, for example their 

respiration rate will increase, they will increase their water intake, and their food intake 

will decrease (Vermeer & Hoofs, 2024).  
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1.4 Small Intestinal Epithelium Structure and Function 

A healthy gastrointestinal tract (GIT) plays a critical role in nutrient digestion and 

absorption while acting as a barrier to prevent the translocation of pathogens and toxins 

from the intestinal lumen into the body (Liao & Nyachoti, 2017). The small intestinal 

epithelium consists of a single layer of specialised epithelial cells organised along a villus-

crypt structure, which enables efficient nutrient absorption and continuous epithelial 

renewal. While enterocytes account for approximately 90% of the epithelial cell 

population, several other cell types contribute to intestinal function, including goblet cells 

which secrete mucus, Paneth cells which produce antimicrobial peptides, enteroendocrine 

cells that are involved in hormone secretion, microfold cells which participate in immune 

surveillance, and intestinal stem cells that are located at the base of the crypts which drive 

constant epithelial regeneration (Ali et al., 2020; Yu et al., 2024). 

Overlaying the epithelium, the intestinal mucus layer serves as the first line of 

defence against intestinal injury, creating a physical barrier that protects the intestinal 

surface from bacteria and antigens while facilitating the movement of luminal contents 

(Herath et al., 2020). Beneath the epithelium, within the lamina propria, resides a 

substantial proportion of the body’s immune cells, forming a highly specialised mucosal 

immune system. This establishes a well-defined and complex interaction between the gut 

microbiota, the epithelial barrier, and the underlying immune components, which together 

maintain intestinal homeostasis and protect against infection (Furness et al., 1999; 

Wiertsema et al., 2021).  

 

1.4.1 Intestinal Health of Swine During Heat Stress 

The intestinal epithelium of the small intestine serves as a defence mechanism, preventing 

the entry of harmful substances into the bloodstream, and is also important in the uptake of 

nutrients. A healthy intestinal barrier, Figure 1.4-1(A), primarily consists of a single layer 

of intestinal epithelial cells that are tightly interconnected via intercellular junctions called 

tight-junction proteins (TJs). A mucin layer covers the luminal surface of the cells 

comprised of a loose outer and an inner compact layer. Both of these components prevent 

the entry of any unwanted substances into the bloodstream (Ringseis & Eder, 2022).  

Covering the luminal surface, the intestinal mucus layer forms the first line of 

extracellular defence, composed of secreted mucins, antimicrobial molecules, and 

immunoglobulins that provide both physical protection and targeted antimicrobial activity 
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(Johansson et al., 2013; McGuckin et al., 2011). This mucus layer consists of a loosely 

organised outer layer and a dense inner layer, primarily produced by specialised goblet 

cells distributed throughout the epithelium. The major gel-forming mucin, MUC2, is 

responsible for generating the continuous gel-like structure that lubricates the epithelial 

surface, maintains a stable microenvironment, and protects against luminal stressors such 

as pathogens and acidic conditions (Johansson et al., 2011; Oswald, 2006). In addition to 

goblet cells, other specialised cell types, including Paneth cells located at the base of 

crypts, contribute to host defence through the secretion of antimicrobial peptides. 

However, under stress conditions, the integrity of the intestinal barrier is compromised 

(Figure 1.4-1 B), with disruption of TJs and a reduction in mucus layer thickness, partly 

due to decreased MUC2 expression, leading to increased intestinal permeability and 

facilitating the translocation of harmful substances into the bloodstream (Fan et al., 2025; 

Yi et al., 2020).  

The disruption of TJs which causes increased intestinal permeability can be referred 

to as “leaky gut”. Heat stress induced “leaky gut” broadly affects intestinal function by 

impairing barrier integrity and nutrient absorption. The resulting damage includes 

weakened mechanical defences, thinning of the chemical barrier, microbial imbalance, and 

altered immune responses (Fan et al., 2025).  
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Figure 1.4-1: Schematic representation of  a healthy and a heat-stressed intestinal tract- 

Image created using Biorender based on information from Fan, Tian and Li (2025). Image A 

depicts a healthy intestine consisting of columnar cells protected by a mucus layer containing 

immunoglobulins, which prevent the entry of harmful substances into the bloodstream. Image B 

illustrates an intestinal tract exposed to heat stress, distinguished by TJ disruption, compromised 

epithelial integrity, increased intestinal permeability, and mucosal atropy, facilitating  the entry of 

unwanted substances into the bloodstream (Fan et al., 2025). 

 

1.5 Heat Shock Response 

The heat shock response (HSR) is an essential component of the body’s protective system 

against excessive heat. It also plays a broader role in coping with diverse stress conditions, 

including pathological and physiological challenges. The induction of the HSR is 

associated with protein misfolding; under normal conditions proteins maintain their native 

structure and function, however elevated temperatures can induce protein misfolding and 

aggregation which act as intracellular signals that will trigger the HSR (Parsell & Sauer, 

1989; Sun et al., 2024).  

One of the primary regulators of the eukaryotic cellular response to heat stress is 

the highly conserved heat shock factor (HSF) family of transcription factors. In vertebrates, 

this family comprises four members, HSF1, HSF2, HSF3, and HSF4, with HSF1 acting as 

the principal regulator of the HSR, while HSF2 and HSF4 exhibit broader or tissue specific 

A)

B)
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expression patterns, and HSF3 has been most extensively studied in avian species (Åkerfelt 

et al., 2010; Mahat et al., 2016). Under physiological conditions, heat shock factor 1 

(HSF1) remains bound to heat shock protein (HSP) as an inactive monomer. However, 

during cellular stress, such as heat stress, the accumulation of misfolded and denatured 

proteins in the cytosol  promotes the dissociation of the HSF1-HSP complex. Activation of 

HSF1 is associated with trimerization, nuclear localisation, binding to heat shock elements 

(HSEs) in the promoter regions of target genes, and post-translational modifications, 

ultimately initiating the transcriptional activation of HSPs (Figure 1.5-1) (Joly et al., 2010; 

Lian et al., 2020; Otaka et al., 2006). The conversion of HSF1 from its inactive form to 

active form is thought to be a multistep process. These include trimerization of HSF1 from 

its monomeric state, conformational changes that reveal transcriptionally active domains, 

and stress-induced hyperphosphorylation of HSF1 (Mercier et al., 1999).  

 

 

Figure 1.5-1: Visual representation highlighting heat-induced heat shock response- The HSR 

is activated in response to cells exposed to heat stress, the accumulation of misfolded proteins in 

the cytoplasm leads to the translocation and trimerization of HSF1 from the cytoplasm into the 

nucleus initiating the HSR pathway. Within the nucleus HSF1 binds to regulatory heat shock 

elements, which causes the gene expression of heat shock proteins, image created with Biorender 

based off Lian et al. 2020, (Lian et al., 2020). 
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1.6 Heat Shock Proteins 

A group of proteins, called heat shock proteins (HSPs), are induced in response to various 

environmental or metabolic stressors including hypoxia, viral agents, and heat. These 

proteins are also referred to as stress proteins as they can be induced by a variety of 

environmental and physiological stressors, not solely heat stress. However, they are most 

commonly known as HSPs (Mikhailova et al., 2025; Singh et al., 2024). 

The activation of HSPs in response to heat stress is triggered by the heat shock 

response. HSPs belong to a large family of highly conserved stress proteins, produced in 

both prokaryotic and eukaryotic cells, and are named after their molecular weight. These 

proteins exhibit a wide range of molecular weights and biological functions; however, they 

generally serve as molecular chaperones in response to heat, hypoxia, and/or oxidative 

stress (Craig, 1988; Snoeckx et al., 2001). HSPs were first identified following the 

observation that heat exposure induced chromosomal puffing in the salivary glands of 

Drosophila. Diverse stressors, such as heat, viral agents, ischemia, and anoxia, trigger the 

expression of heat shock protein genes that are characterized by a high degree of DNA 

sequence conservation across species (Whitley et al., 1999). HSPs can be defined as 

molecular chaperones, meaning they interact with, stabilise, or help other proteins return to 

their native, active conformation, without being present in the final structure themselves 

(Hartl & Hayer-Hartl, 2009). 

HSPs can be classified into six major families based on their approximate 

molecular weights, shown in Table 1.6-1, namely small HSPs, HSP40, HSP60, HSP70, 

HSP90, and HSP110 (Hu et al., 2022; H. Liu et al., 2014).  
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Table 1.6-1: A brief summary of HSP families, their cellular locations, and their main functions, 

adapted from (Hu et al., 2022). 

HSP 

Family 

Major 

Members 
Cellular Location Main Functions 

HSP110 HSP110 
 

Cytoplasm/Nucleus Chaperone activity/Thermal tolerance 

HSP90 
HSP90 

GRP94/GP96 
 

Cytoplasm  

ER 
 

Involved in cell proliferation/binds to 

other proteins/maintains HSF1 

monomeric state under normal 

conditions 

 HSP70 

HSP70 

HSC70 

 BiPmHSP70 

Cytoplasm/nucleus 

Cytoplasm/peroxisome 

ER 

Mitochondrion 

Assists in protein folding, prevents 

aggregation, facilitates protein 

translocation 

HSP60 
HSP60 

TRiC 

Mitochondrion 

Cytoplasm 
Protein foldase 

HSP40 

DNAJA, 

DNAJB, 

DNAJC 

Cytoplasm 
Co-chaperone for HSP70/ regulates 

ATPase activity and substrate binding 

Small 

HSPs 

HSPB1-

HSPB10 

HSP27 

Cytoplasm, Nucleus, 

Mitochondria 

Cytoplasm/nucleus 

Chaperone activity 

Chaperone activity/actin dynamics 
 

 

 

1.6.1 Heat Shock Protein 70 (HSP70) 

Among the HSP families, HSP70 is one of the most conserved and inducible molecular 

chaperone protein. The protein has approximately 60% phylogenetic similarity between 

microbes and mammals (Bardwell & Craig, 1984). HSP70 is widely expressed across 

different tissues and is one of the most abundant and well-characterised HSP. In the small 

intestinal epithelium, HSP70 is one of the most prominent HSP, contributing to the 

maintenance of epithelial integrity and cellular protection during stress. They are essential 

in the protection of the mucosal barrier under both normal and stressed conditions and are 

widely used in assessing the molecular stress response of different organisms under heat 

and other stress conditions (Daugaard et al., 2007; Petrof et al., 2004). In prokaryotes the 
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protein expressed is DnaK, whereas HSP70 is the eukaryote counterpart. HSP70 can be 

found in multiple different cellular locations, including the cytosol, nucleus, endoplasmic 

reticulum (ER), and mitochondria. Their main role is to keep the balance of protein 

synthesis, folding, degradation, and translocation (Hu et al., 2022). 

Under normal physiological conditions, HSP70 is involved in the folding of newly 

synthesized polypeptides, the assembly of multiprotein complexes, and the translocation of 

proteins across cellular membranes. In addition, HSP70 possesses anti-apoptotic 

properties, acting on multiple apoptotic pathways both upstream and downstream of the 

mitochondria. These effects include inhibition of early stress-induced signalling events, 

reduction of reactive oxygen species (ROS), and stabilizing pro-survival proteins such as 

kinases. This means that cell survival and resistance to stress is promoted with the presence 

of HSP70 (Arnal & Lallès, 2016; Joly et al., 2010). In times of cellular stress, such as heat, 

HSP70 helps protein folding, ubiquitination, renaturation, and protection (Kim et al., 

2018).  

Studies in intestinal epithelial cells have shown that heat stress leads to an 

upregulation of HSP70 (Musch et al., 1996; J. Tang et al., 2019). The upregulation of 

HSP70 may contribute to the protection of epithelial cells against oxidant and thermal 

injury (Cao et al., 2016; Musch et al., 1996; Pearce et al., 2013). Supporting this, a study 

by Musch et al. using rat intestinal epithelial IEC-18 cells, demonstrated a significant 

increase in HSP70 expression in response to heat stress, highlighting its role in cellular 

protection under stress conditions (Musch et al., 1996).  

 

1.7 Strategies to Mitigate Heat Stress 

In order to maintain homeothermy in pigs, mitigation strategies must focus on either 

reducing metabolic heat production or enhancing heat dissipation from the body. More 

recently, studies have been conducted towards the development of nutritional (Santos et al., 

2018), environmental, and genetic strategies to alleviate the adverse effects of heat stress 

on pig production (Katiyar et al., 2025).  

A number of environmental modifications can be used to alleviate the effects of a 

hot climate in animal production. Some examples include providing natural or artificial 

shade to reduce the solar radiation around the animal, reducing the air temperature using 

air conditioning or fans, and sprinkler systems can provide cooling by the addition of water 

directly to the skins surface. It is also important to have a constant and sufficient supply of 
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water to the animal, and to adjust feeding times to prevent eating during the hottest parts of 

the day (Renaudeau et al., 2012; Sejian et al., 2018).  

As well as these environmental strategies, nutritional interventions have been used 

to mitigate the effects of heat stress in pigs. The addition of numerous antioxidants, 

including certain vitamins (E and C) and micro-minerals Selenium (Se) and Zinc (Zn), 

have been shown to prevent cell damage and enhance intestinal integrity in animals 

subjected to heat stress (F. Liu et al., 2016; Ortega et al., 2022). This study aimed to 

investigate the nutritional strategies of Se and vitamin compounds to mitigate the effects of 

heat stress on the intestinal tract of swine.  

 

1.7.1 Selenium 

Selenium (Se) is an essential trace element across all mammalian species. It exists in 

nature in both organic and inorganic forms. Organic forms of Se are selenomethionine 

(SeMet), and selenocysteine (SeCys), while the main inorganic forms include selenite 

(SeO32-), selenate (SeO42-), selenide (Se2-), and elemental Se (Se0) (Sharma et al., 2017; 

Zheng et al., 2022). The biological effects of Se are mediated by its incorporation into 

selenoproteins (SelP) in the form of SeCys, which is widely recognised as the 21st amino 

acid (Hoffmann, 2007). Driven by SelPs, Se exerts a wide range of physiological effects, 

including antioxidant and redox regulation, thyroid metabolism, reproduction, and muscle 

function (Kyoung et al., 2025).  Heat-induced damage to the gastrointestinal barriers is 

associated with disruptions in membrane integrity, receptor activity, and transmembrane 

transport protein function. Se contributes to cellular protection by inhibiting apoptosis and 

attenuating heat stress-induced inflammatory responses (Zheng et al., 2022).  

Se functions in antioxidant defence, immune function, and redox regulation through 

its incorporation into SelPs. These include glutathione peroxidase (GPX) enzymes, which 

catalyse the reduction of any harmful reactive oxygen species (ROS), and thioredoxin 

reductase (TrxR), which maintains intracellular redox balance by regulating the 

thioredoxin system and supporting the removal of oxidative stress induced radicals that 

may be produced during a high stress situation (Gan et al., 2014; Maggini et al., 2007). 

Tang et al. demonstrated that in heat-stressed IPEC-J2 cells, TJ proteins including claudin 

1, occludin, and ZO-1 were downregulated, but cells supplemented with SeMet and 

sodium selenite (SS) increased the levels of these TJ proteins, concluding that the 

supplementation of SeMet and SS slow down the damage of TJ proteins. They also showed 
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that SeMet supplementation promotes HSP70 mRNA and protein levels in heat-stressed 

IPEC-J2 cells (J. Tang et al., 2019).  

This study used concentrations of Se in accordance with the latest version of 

Nutrient Requirements of Swine. It is recommended that a concentration of 0.2ppm of Se 

is an appropriate level for growing pigs (National Research Council, 2012). In countries 

adhering to European Commission regulations, Se levels are limited to 0.5 mg/kg in 

complete feed, this is including contributions from both raw materials and supplements, of 

which no more than 0.2 mg/kg of Se may originate from organic sources (European 

Commission, 2019). Therefore, in this study cells were treated with 0.2 µg/mL Se.  

 

1.7.2 Vitamins 

Vitamins are essential trace organic micronutrients required for the proper functioning of 

metabolic pathways, immune responses, and gene regulation. Vitamins are classified into 

two groups: fat soluble and water soluble. The fat-soluble vitamins include vitamins A, D, 

E, and K, while the water-soluble group contains vitamins B and C (Upadhaya & Kim, 

2020). Dietary supplementation of vitamins has been shown to reduce the impact of 

various stressors in animals, with studies demonstrating that vitamins, such as vitamin C 

and vitamin E, can help mitigate environmental stressors, including heat stress in pigs 

(Smołucha et al., 2024).  

 

1.7.2.1 Vitamin E 

Vitamin E is an essential micronutrient with diverse biological roles in animals. It exists in 

eight naturally occurring forms, classified into tocopherols and tocotrienols, with D-α-

tocopherol being the most biologically active form (Shastak & Pelletier, 2025). In pigs, 

vitamin E primarily functions as an antioxidant by protecting cellular membranes from 

oxidative damage by neutralising free radicals (Boler et al., 2009; Pinelli-Saavedra, 2003). 

As vitamin E cannot be synthesized endogenously in animals, it must be supplemented into 

their diet (Widyasanti et al., 2025). The National Research Council and MSD Veterinary 

Manual recommend that 11-16 IU/kg as adequate levels of vitamin E for growing pigs 

(MSD Veterinary Manual, 2025; National Research Council, 2012). Under conditions of 

heat stress, the requirement for vitamin E may increase. Research suggests that 

supplementation with elevated levels of vitamin E may help alleviate heat stress-induced 

respiratory alkalosis. Liu et al. (2018) reported that while vitamin E supplementation did 
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not significantly reduce oxidative stress under heat stress conditions, it did mitigate 

respiratory alkalosis (F. Liu et al., 2018). Furthermore, combined supplementation of 

vitamin E and Se have been shown to improve intestinal integrity and function in heat-

stressed pigs by enhancing intestinal epithelial function, reducing oxidative stress, and 

promoting overall intestinal health (F. Liu et al., 2016). These findings highlight the 

potential role of vitamin E as a protective agent against heat stress-induced cellular 

damage. 

 

1.7.2.2 Vitamin C 

Vitamin C (ascorbic acid) plays a crucial role in immune defence as it supports both innate 

and adaptive immune system cellular functions. It also exhibits antioxidant activity by 

readily donating electrons, thereby protecting biomolecules from oxidative damage 

generated during normal cellular metabolism and exposure to environmental toxins 

(Mainardi et al., 2024). While most animal species are capable of synthesising vitamin C 

endogenously, this capacity may be insufficient under conditions of physiological stress, 

when demand increases and synthesis becomes limited, although it typically returns to 

baseline once the stress is removed (Smołucha et al., 2024; Yin et al., 2018). In pigs, 

dietary vitamin C is not considered essential under normal conditions due to endogenous 

synthesis (MSD Veterinary Manual, 2025), however stressors may increase the demand for 

this vitamin. In the context of heat stress, supplementation with vitamin C can alleviate the 

negative effects of heat stress in pigs. For example, a study using pig thoracic vertebral 

chondrocytes (PTVCs) demonstrated that heat stress (41°C) reduced PTVC proliferation 

compared to control conditions (37°C), while supplementation with vitamin C (50-400 

µM) in heat-stressed cells increased the proliferation, compared to untreated heat-stressed 

cells (Yang et al., 2024). Given the lack of dietary requirements for vitamin C 

supplementation in swine, this study investigated the effects of a range of vitamin C 

concentrations in IPEC-J2 cells to determine an appropriate level for reducing heat stress-

induced cellular damage.  

 

1.8 Aim of Project 

The central questions that this study addressed were whether heat stress reduces IPEC-J2 

cell metabolic activity and increases HSP70 expression, and whether supplementation with 

Se and vitamin compounds influences these cellular responses under heat stress conditions. 
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The primary objective was to establish and characterise an in vitro heat stress 

model using IPEC-J2 cells,  and evaluate the  effects of Se, and vitamin supplementation 

on cellular metabolic activity under heat stress conditions. The intestinal porcine 

enterocyte cell line (IPEC-J2) is derived from the jejunum of a neonatal unsuckled piglet. 

It is a non-transformed cell line thus serving as an effective model to investigate intestinal 

epithelial functions, and epithelial interactions with enteric bacteria and viruses 

(Vergauwen, 2015).  

The objectives of this thesis were: 

• Establish and characterise an in vitro heat stress model by investigating the 

metabolic activity of IPEC-J2 cells exposed to heat stress at 41°C, 42°C, and 44°C 

for 2 hours (h) and 24 hours (h), respectively, relative to cells maintained at optimal 

temperature of 37°C, using the Alamar Blue® (AB) assay.  

• To determine whether heat stress alters HSP70 expression in IPEC-J2 cells using 

Western blot analysis. 

• To identify a suitable heat stress condition for subsequent experiments based on 

metabolic activity changes and HSP70 expression. 

• To evaluate the effects of supplementation with Organic Se-A/ B/ C/ D/ F, 

Inorganic Se (E), and vitamins (E and C) on cellular metabolic activity following 

heat exposure. 

• To assess treatment-associated changes in HSP70 expression as a marker of the 

cellular heat stress response. 

• To investigate heat stress and treatment-associated changes in protein expression 

using label-free quantitative proteomic analysis. 

.  
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2 Materials & Methods 
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2.1 Reagents & Materials 

2.1.1 Purchased Reagents 

Reagent Supplier 
Catalogue 

Number 

(±)-α-Tocopherol (vitamin E), ≥ 96% 
Sigma Aldrich, St. Louis, 

MO, USA 
T3251 

Ascorbic Acid (vitamin C), ≥ 99.0% 
Sigma Aldrich, St. Louis, 

MO, USA 
A5960 

Bovine Serum Albumin, pH 7, ≥ 

98% 
Sigma Aldrich A7906 

Buffer RLT Qiagen 1015750 

Dulbecco’s Modified Eagle Medium 

(DMEM) 
Merck D6546 

Fetal Bovine Serum (FBS), New 

Zealand 
Thermo Fisher Scientific 10091148 

Gibco L-glutamine (200 mM) Fisher Scientific 11500626 

Goat anti-mouse IgG Superclonal 

secondary antibody, HRP 

Invitrogen, Carlsbad, CA, 

USA 
A28177 

Hank’s Balanced Salt Solution 

(HBSS) 
Gibco 14025-050 

Hydroxy-selenomethionine (Organic 

Se- D) 
Confidential Confidential 

Invitrogen Alamar Blue® Reagent Fisher Scientific 10099022  

IPEC-J2 Cell Line 
DSMZ, Braunschweig, 

Germany 
ACC-701 

Laemmli Sample Buffer BioRad 161-0737 

Mercaptoethanol, ≥ 99% Sigma Aldrich M6250 

Mouse monoclonal anti β-actin 

antibody (AC-15) 

Invitrogen, Carlsbad, CA, 

USA 
AM4302 

Mouse monoclonal anti-HSP70 

(3A3) 

Thermo Fisher Scientific, 

Waltham, MA, USA 
MA3-006 

NuPAGE MES SDS Running Buffer 

(20X) 
Invitrogen NP0002 
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Organic Se (Organic Se-F) Confidential Confidential 

Page-Ruler pre-stained Protein 

Ladder 
Thermo Fisher Scientific 26619 

Pancreatin from porcine pancreas, 8 

x USP 
Sigma Aldrich P7545 

Pepsin from porcine gastric mucosa, 

≥ 250 units/mg solid  
Sigma Aldrich P7000 

Protease Inhibitor Cocktail Sigma Aldrich P8340 

Qubit Assay Thermo Fisher Scientific Q33211 

Qubit Protein Assay Thermo Fisher Scientific Q33211 

Selenium-enriched yeast (Organic 

Se-A) 
Confidential Confidential 

Selenium-enriched yeast (Organic 

Se-B) 
Confidential Confidential 

Selenium-enriched yeast (Organic 

Se-C) 
Confidential Confidential 

Sodium Selenite (Inorganic Se (E)), 

99% 

Sigma Aldrich, St. Louis, 

MO, USA 
214485 

Super Signal TM West Femto trial 

kit 
Invitrogen 34094 

Transfer Buffer Thermo Fisher Scientific 84731 

Trypan Blue Staining Sigma T8154 

Trypsin EDTA Merck T4049 

TWEEN 20 Sigma P1379 

 

2.1.2 Materials 

Name Supplier 

Cell Culture Flask T-25, vent cap (Cat No. 353109) Corning 

Cell Culture Flask, T-175, vent cap (Cat No. 83.3912.002) Sarstedt 

Cell Culture Flask, T-75, vent cap (Cat No. 83.3911.002) Sarstedt 

Cell scraper Sarstedt 

Corning 6-well Cell Culture Plate, flat bottom with lid, 

tissue culture treated, non-pyrogenic (Cat No. 3516) 
Corning 
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Corning 12-well Cell Culture Plate, flat bottom with lid, 

tissue culture treated, non-pyrogenic (Cat No. 3513) 
Corning 

Corning 96-well Assay Plate, black plate, clear bottom 

with lid, tissue culture treated (Cat No. 3603) 
Corning 

Corning Sterile Serological Pipette (including 5 ml, 10 ml, 

and 50 ml) 
Fisher Scientific 

Invitrogen Countess Cell Counting Chamber Slides Fisher Scientific 

Pre-cast Bis-Tris gels, mPAGE 4-20%, 12 well, 1 mm 

(MP42G12) 
Merck 

PVDF Transfer Membrane, 0.45 µm (Cat No. 88518) Thermo Fisher Scientific 

Sterile Pipette Tips Sarstedt 

Sterile Screw Cap Tubes (including 15ml and 50ml) Sarstedt 

Whatman Gel Blotting Paper Cytiva 

Zeba Spin Desalting Columns Fisher Scientific 

 

2.1.3 Prepared Reagents 

Reagent Recipe 

1X MES SDS Running 

Buffer 
50 mL 20X stock, 950 mL H2O 

Blocking Solution 
2.5 g milk marvel, 0.5 g Bovine serum albumin, PBST 

0.05% Tween 20 

PBST (0.05% Tween 20) 1L H2O, 10 PBS tablets, 500 µL Tween 20 

QuBit Standards 190 µL working solution, 10 µL standard (1-3) 

QuBit Working Solution 1000 µL buffer, 5 µL protein reagent 

SDS Running Buffer 950 µL Laemmli buffer, 50 µL mercaptoethanol 

Super Signal West Femto 5 mL H2O, 100 µL reagent A, 100 µL reagent B 

 

2.2 Methods 

2.2.1 Cell culture techniques 

2.2.1.1 Cell Lines 

The porcine jejunal epithelial cells, IPEC-J2 cells (DSMZ ACC-701, DSMZ, 

Braunschweig, Germany), were cultured in Dulbecco’s modified Eagle medium (DMEM, 
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Sigma Aldrich) supplemented with 10% foetal bovine serum (FBS, Gibco) and 1% L-

glutamine (Gibco). No antibiotics were included in the culture medium. Cells were grown 

at 37°C in a 5% CO2 humidified incubator (Forma Steri-Cycle CO2 Incubator, Model 

No:371, Thermo Fisher Scientific). Experiments were conducted using cells between 

passages 15 and 30. Cells were passaged at approximately 70-80% confluency every 3-4 

days following enzymatic detachment using Trypsin EDTA (Gibco). All cell culture 

procedure were conducted aseptically in a Class II Biological Safety Cabinet (BioAir 

SafeFlow 1.2-BS, Euroclone). IPEC-J2 cells were isolated from the jejunum of a neonatal 

unsuckled piglet, it is a non-transformed, non-tumorigenic cell line  (Geens & Niewold, 

2011; Vergauwen, 2015).  

 

2.2.1.2 Recovery of Cryopreserved Cells 

IPEC-J2 cell lines were kept frozen in liquid nitrogen. Dulbecco’s modified Eagle medium 

(DMEM, Sigma) supplemented with 10% foetal bovine serum (FBS) and 1% L-glutamine 

was pre-warmed at 37°C. Cells were removed from liquid nitrogen and placed at 37°C 

until partially thawed. 10 mL of pre-warmed DMEM was placed in tube, then using a 

Pasteur pipette the media was transferred from the tube to the vial of cells, carefully 

pipetting up and down. This was repeated until all the cells were taken up. The solution 

was centrifuged for 5 minutes at 1500 rpm in centrifuge (Eppendorf, 5804). The pellet was 

resuspended in 3 mL of media, and this was placed in a newly labelled T-25 flask. The 

flask was filled with a further 3 mL of pre-warmed media, so final volume was 6 mL. The 

flask was placed in 37°C incubator with 5% CO2. Once cells were 70% confluent, they 

were passaged into larger T-75 flasks (Section 1.2.1.3). 

 

2.2.1.3 Routine Maintenance of Cell Lines 

Adherent cells were passaged at approximately 70-80% confluency. Trypsin EDTA (Gibco) 

was used to detach cells from flasks by adding pre-warmed Trypsin to flask (approximately 

3 mL in a T-25, 5 mL in T-75, and 8 mL in T-175) then incubating the flask at 37°C for 

approximately 5 minutes, or until the cells were detached. Trypsin was inactivated by the 

addition of the same amount of DMEM (Sigma) supplemented with 10% FBS (Gibco) and 

1% L-glutamine (Gibco). Solution was transferred to a tube, and cells were pelleted by 

centrifugation for 5 minutes at 1500 rpm (Eppendorf, 5804). The pellet was then 

resuspended in 5-10 mL of fresh pre-warmed media and cells were counted using a 
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haemocytometer, with desired number of cells being added to a new flask containing fresh 

media (T-25 flask contained 5ml, T-75 contained 15ml and T-175 contained 30 mL of 

media). 

 

2.2.1.4 Relative Metabolic Activity of IPEC-J2 cells Exposed to Heat Stress (Alamar 

Blue®) 

The relative metabolic activity of IPEC-J2 cells was determined using Alamar Blue® 

(Thermo Fisher) reagent. IPEC-J2 cells were seeded at a density of 1x104 cells per mL in a 

96-well plate (growth area of 0.32 cm2 per well) with 100 µL in each well, yielding a 

seeding density of 1x103 cells per well.  Columns 1 and 12 were left blank, containing just 

media, while columns 2-11 contained cells, resulting in 10 technical replicates. The plates 

were incubated overnight at 37°C in a 5% CO2 humidified incubator (Forma Steri-Cycle 

CO2 Incubator, Model No:371, Thermo Fisher Scientific) to allow attachment of cells to 

the bottom of the wells. The following day plates were divided into control (CON) group 

(exposure to 37°C for 2 h and 24 h, respectively) and the heat stress (HS) group (exposure 

to higher temperature, 41°C, 42°C, or 44°C, for 2 h and 24 h, respectively). Heat stress 

conditions were selected in accordance with established IPEC-J2 heat stress models 

reported in literature (Cui et al., 2022; J. Tang et al., 2019; Zhou et al., 2020). HS groups 

were transferred to higher temperature incubator, while CON groups remained in 37°C 

incubator. After incubation time, Alamar Blue® reagent was added to each well at the 

manufacturers recommended 10% v/v reagent-to-medium ration, therefore 10 µL was 

added to each well and the plates were placed back in 37°C incubator for 3-4 h. The optical 

density values were determined using microplate reader by fluorescence with excitation at 

545 nm and emission at 590 nm. This procedure was repeated so a total of 3 biological 

replicates were carried out. Fluorescence values from blank wells containing culture 

medium and Alamar Blue® reagent were subtracted from all experimental readings of 

wells containing cells. Results were normalised to 37°C Con plates using the formula: 

Relative Metabolic Activity (%) = (Heat stress fluorescence / Control fluorescence) x 100. 

Statistical analysis was carried out using GraphPad Prism, with statistical comparisons 

conducted using One-way ANOVA and post hoc Tukey’s tests, with significance threshold 

of p ≤0.05 applied. 
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2.2.1.5 Toxicity Assay (vitamin C) 

IPEC-J2 cells were seeded in a 96-well plate (growth area of 0.32 cm2 per well) at a 

density of 1x104 cells per mL, with 100 µL in each well, yielding a seeding density of 

1x103 cells per well, leaving column 1 blank with just media. The plates were placed at 

37°C in a 5% CO2 incubator (Forma Steri-Cycle CO2 Incubator, Model No:371, Thermo 

Fisher Scientific) overnight. The next day vitamin C solution was prepared at a 

concentration double the final desired concentration. Serial dilution was carried out to 

prepare solutions so final concentrations of vitamin C in the wells were 600, 500, 400, 300, 

200, 100, 50, 25, 10, and 5 µg/mL. Using a multi-channel pipette, each of the pre-prepared 

solutions was added to the corresponding well of the plate with the highest concentration in 

column 12 and lowest in column 3. Media was added to column 2 which acted as the 

control. Once the vitamin C was added the plate was placed back in 37°C incubator for 48 

h. After incubation, 20 µL of Alamar Blue® reagent was added to each well of the plate 

and the optical density values were determined using microplate reader by fluorescence 

with excitation at 545 nm and emission at 590 nm after 3-4 h incubation. Statistical 

analysis was carried out using GraphPad Prism, with statistical comparisons conducted 

using One-way ANOVA and post hoc Tukey’s tests, with significance threshold of p ≤ 0.05 

applied. 

 

2.2.1.6 Relative  Metabolic Activity of IPEC-J2 Cells Following Selenium or vitamin 

treatment and Heat Stress (Alamar Blue®) 

IPEC-J2 cells were seeded in a 96-well plate (growth area of 0.32 cm2 per well) at a 

density of 1x104 cells per mL with 100 µL in each well, yielding a seeding density of 1x103 

cells per well. The plates were placed at 37°C (Forma Steri-Cycle CO2 Incubator, Model 

No:371, Thermo Fisher Scientific) overnight to allow for attachment. The following day 

plates were grouped into 24-hr treatment, and 48-hr treatment, then the Selenium 

treatments at 0.2  µg/mL(Bampidis et al., 2024; National Research Council, 2012), vitamin 

E at 10.72 µg/mL  (MSD Veterinary Manual, 2025; National Research Council, 2012), and 

vitamin C at 25 µg/mL (post toxicity assay)  were added to each plate in the respective 

wells. The plates were placed back in 37°C for their respective treatment time. After 

treatment plates were grouped into control group (CON, exposure to 37°C for 2 h and 24 h 

respectively) and heat stress group (HS, exposure to higher temperature for 2 h and 24 h 

respectively). Following the respective times of HS the plates were removed and 10 µL of 

Alamar Blue® was added to each well of the plate which was then placed at 37°C for a 
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further 3-4 h. The optical density values were determined using microplate reader by 

fluorescence with excitation at 545 nm and emission at 590 nm. Statistical analysis was 

carried out using GraphPad Prism, with statistical comparisons conducted using One-way 

ANOVA and post hoc Tukey’s tests, with significance threshold of p ≤0.05 applied. 

 

 

2.2.1.7 Morphological changes in IPEC-J2 cells exposed to heat stress 

Cells were grown in DMEM High Glucose media supplemented with 10% FBS and 1% L-

glutamine. Cells were seeded in 6-well plates (growth area of 9.5 cm2 per well) at a density 

of 5 x 105 cells per mL, with 2 mL in each well, yielding a density of 1 x 106 per well and 

placed in 37°C incubator (Forma Steri-Cycle CO2 Incubator, Model No:371, Thermo 

Fisher Scientific) overnight to allow for attachment. A total of three technical replicates 

were performed. The following day CON group flasks were kept at 37°C while HS group 

were placed in 42°C incubator for 2 h and 24 h, respectively. After incubation times flasks 

were removed from incubator and images were captured using a phase-contrast microscope 

in Dublin City University with help from Dr. Finbarr O’Sullivan. Images were captured 

from three randomly selected fields of view per condition. Imaging was not performed 

under blinded conditions. 

 

2.2.2 Treatment Preparation 

2.2.2.1 Preparation of buffers/reagents for in vitro digestion 

• 0.1M sodium phosphate buffer, pH 6.0, was prepared by dissolving 7 g of Na2HPO4 

(Sigma Aldrich) in 250 mL of water and 6 g of NaH2PO4 (Sigma Aldrich) was 

dissolved in 250 mL of water. Then 61.5 mL of Na2HPO4 and 438.5 mL of 

NaH2PO4 were placed in 1L flask and filled to the 1L mark with water. 

• 0.2M sodium phosphate buffer, pH 6.8, was prepared by dissolving 14 g of 

Na2HPO4 (Sigma Aldrich) in 250 mL of water and 12 g of NaH2PO4 (Sigma 

Aldrich) in 250 mL of water. Then 112.5 mL of Na2HPO4 and 127.5 mL of 

NaH2PO4 were placed in 500 mL glass bottle and filled to 500 mL mark with water.  

• 1M HCl was prepared by adding 100 mL of water to 100 mL glass bottle. Then 8.6 

mL of this water was removed and in fume hood 8.6 mL of HCl was added to the 

water. 
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• 0.2M HCl was prepared by placing 80 mL of water in 100 mL glass bottle. To this 

20 mL of previously prepared 1M HCl was added to the bottle. 

• 1M NaOH was prepared by dissolving 4 g of NaOH (Sigma Aldrich) in 100 mL of 

water. 

• 0.6M NaOH was prepared by dissolving 2.4 g of NaOH in 100 mL of water.  

 

2.2.2.2 In vitro digestion procedure 

An enzymatic digestion was applied to Se compounds (A-F), vitamin E, and vitamin C 

using a modified three-step in vitro digestion model originally described by Boisen and 

Fernandez (Boisen & Fernandez, 1997), with experimental volumes adapted from Meunier 

et al. (Meunier et al., 2008). In short, pepsin solution was prepared by weighing out 0.1 g 

of pepsin from porcine gastric mucosa (≥ 250 units/mg solid, Sigma Aldrich) which was 

then dissolved in 1 mL of water. Then 37.5 µL of this was placed in 50 mL of water. 0.5 

grams of each sample was weighed out and placed in a tube. To each tube 5 mL of 0.1M 

sodium phosphate buffer, pH 6.0, was added followed by 2 mL of 0.2M HCl. The pH of 

each solution was adjusted to pH 2.0 using 1M HCl, with pH being monitored 

continuously using a calibrated pH meter while HCl was added dropwise.  When pH 2.0 

was reached, 1 mL of pepsin solution was added to each tube. The tubes were placed in an 

incubator  at 39°C for 2 h with constant shaking. To prepare the pancreatin solution 0.1 g 

of Pancreatin from porcine pancreas (8 x USP, Sigma Aldrich) was weighed out and 

dissolved in 10 mL of water. After 2 h in the shaker, 2 mL of sodium phosphate buffer, pH 

6.8, was added to each tube, then 1 mL of 0.6M NaOH solution was added. The pH of each 

solution was adjusted to pH 6.8  by adding NaOH dropwise while continuously monitoring 

the pH using a calibrated pH meter. When the required pH was reached 1 mL of Pancreatin 

solution was added to each tube and the tubes were placed in shaking incubator at 39°C for 

4 h with constant shaking. After the 4 h incubation, the samples were placed in Survall 

Legend T centrifuge (Thermo Fisher Scientific) for 15 minutes at 7000 rpm. Then the 

solution was transferred to  a Vivaspin 20 centrifugal concentrator (10 kDa MWCO, 

Sartorius) and placed in MPW 350-R centrifuge (MPW) for 90 minutes at 9000 rpm. To 

balance the centrifuge the weight of each tube was taken, and the same weight (using 

water) was placed in a new tube. After the centrifuge, the sample was filter sterilized using 

Millex-GP Filter Unit (pore size 0.22 µm, Merck) and aliquoted into vials and placed in the 

-70°C freezer for maximum 18 months prior to analysis. Samples underwent a maximum 

of two freeze-thaw cycles prior to use. The final recovered filtrate volume after 
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centrifugation and ultrafiltration averaged at 13 mL. A 4 mL aliquot was set aside for 

determination of Se concentration (ppm) by inductively coupled plasma optical emission 

spectrometry (ICP-OES) using an Agilent 5100 SVDV instrument. Analysis was carried 

out by Rupali Ahashan and Dr. Cathal Connolly at Alltech Biotechnology Centre, 

Dunboyne, Co. Meath. Selenium concentrations were determined using a calibration range 

of 0.25 - 20 ppm Se. The method had a limit of detection (LOD) of 0.05 ppm Se and a 

limit of quantification (LOQ) of 0.15 ppm Se. Vitamin compounds were calculated based 

on the known mass of each compound added, and the final recovered filtrate volume of the 

solution, assuming complete dissolution during digestion procedure. Dissolution efficiency 

was not experimentally verified and therefore represents a limitation of this study.  

 

2.2.3 Protein Work: 

2.2.3.1 Extraction of total protein for 2 hr or 24 hr heat stress for Western blot analysis 

IPEC-J2 cells were harvested using Trypsin EDTA (see Section 2.2.1.3) then IPEC-J2 cells 

were seeded in 6-well plates (growth area of 9.5 cm2 per well) at a density of 5 x 105 cells 

per mL, with 2 mL in each well, yielding a density of 1 x 106 per well. The plates were 

placed at 37°C in a 5% CO2 incubator (Forma Steri-Cycle CO2 Incubator, Model No:371, 

Thermo Fisher Scientific) overnight. The following day plates were divided into control 

(CON) group (exposure to 37°C for 2 h and 24 h, respectively) and the heat stress (HS) 

group (exposure to 42°C for 2 h and 24 h, respectively). The HS group plates were placed 

in 42°C incubator for 2 h and 24 h and CON group remained at 37°C. After timepoint, 

plates were removed from incubator, solution was removed from each well and 100 µL of 

buffer RLT (Qiagen), supplemented with Protease Inhibitor cocktail (Sigma Aldrich), was 

added to each well. The bottom of each well was scraped using a cell scraper and the 

solution was placed in a labelled vial. Each vial was snap frozen in liquid nitrogen and 

placed in -70°C freezer.  

 

2.2.3.2 Extraction of total protein from mammalian cells (treated cells) for Western blot 

analysis 

IPEC-J2 cells were harvested using Trypsin EDTA (see Section 2.2.1.3). Cells were then 

seeded in 12-well plates (growth area of 3.8 cm2 per well) at a density of 1 x 105 cells per 

mL for 24-hr treatment, and 1 x 104 cells per mL for 48-hr treatment, with 1 mL in each 

well. The plates were placed at 37°C in a 5% CO2 incubator overnight to allow attachment. 
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The following day the Se (A-F) and vitamin (E and C) compounds were added to the 

respective wells at the correct concentration. The plates were placed at 37°C for 24-hr 

treatment and 48-hr treatment. After respective treatment times plates were divided into 

control (CON) group (exposure to 37°C for 24 h, respectively) and the heat stress (HS) 

group (exposure to 42°C for 24 h, respectively). The HS group plates were placed in 42°C 

incubator for 24 h and CON group remained at 37°C. After HS timepoint, plates were 

removed from the incubator and 300 µL of Buffer RLT (Qiagen), supplemented with 

Protease Inhibitor cocktail (Sigma Aldrich), was added to each well. Each well was 

scraped using a cell scraper and the solution was placed in a labelled vial and snap frozen 

in liquid nitrogen before being placed in -70°C freezer.  

 

2.2.3.3 Determination of protein concentration using Qubit assay 

Prior to protein quantification and electrophoresis, lysates were desalted using Zeba Spin 

Desalting Columns (Thermo Fisher Scientific) to remove buffer components that may 

interfere with downstream protein analysis. To ensure equal loadings of protein onto SDS-

PAGE (Section 2.2.3.4), protein concentration was established using Qubit assay. In short, 

the Qubit working solution was prepared by diluting the protein reagent 1:200 in protein 

buffer. 190 µL of this prepared working solution was added to three 0.5 mL PCR tubes. 10 

µL of each of the standards 1-3 was added to corresponding tube. The Qubit 4 Fluorometer 

(Thermo Fisher Scientific) was calibrated by reading each of the prepared standards 1-3. 

Next the samples were prepared by adding sample to working solution in PCR tubes, so the 

volume makes up to 200 µL (Table1). Each tube was vortexed and left at room temperature 

for 15 minutes, then the samples were read on the Qubit. 

 

Table 2.2-1: Qubit assay measurements 

Volume Standards Sample 

Prepared Working Solution 190 µL 180-199 µL 

Standard 1-3 (from kit) 10 µL n/a 

User samples n/a 1-20 µL 

Total volume 200 µL 200 µL 
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2.2.3.4 SDS-PAGE analysis 

To separate proteins based on size, pre-cast 4-20% Bis-Tris gels (Millipore) were used for 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Laemmli 

sample buffer was prepared by adding 50 µL of β-mercaptoethanol (≥ 99%, Sigma 

Aldrich) to 950 µL of Laemmli sample buffer (BioRad). Protein samples were made to 10 

µg protein per well by adding protein sample and Laemmli buffer before denaturing by 

placing them at 95°C for 5 minutes. The gel was placed into tank, and the inner and outer 

chambers were filled with 1x MES SDS running buffer (Invitrogen) before removing the 

comb from the gel. Then, 5 µL of PageRuler pre-stained protein ladder (Thermo Fisher) 

was loaded into the first well of the plate. Then 20 µL of each sample was loaded into the 

wells of the gel. Gel electrophoresis was run at 60V for approximately 20 minutes, then the 

voltage was increased to 120V until the dye had reached the bottom of the gel.  

 

2.2.3.5 Western Blot analysis 

After the separation of proteins by SDS-PAGE, the gel was blotted onto polyvinylidene 

fluoride (PVDF) membrane (0.45 µm pore size, Thermo Fisher Scientific). The membrane 

was activated by placing it in methanol for 2 minutes and rinsed with water. The blotting 

paper was placed in transfer buffer for approximately 10 minutes. Transfer was performed 

using ThermoSci Pierce power blot cassette. A sandwich was made of blotting paper (1.5 

mm, Cytiva), the membrane, the gel and another blotting paper, ensuring to roll each layer 

to remove any air bubbles. Transfer buffer (Thermo Fisher Scientific) was added to the top 

layer, and the lid was placed on. The transfer was performed at 25V and 1.3 amps for 46 

minutes. Following protein transfer, the membrane was cut horizontally at the appropriate 

molecular weight marker to enable simultaneous detection of HSP70 and β-actin.  

 

2.2.3.6 Western immunodetection 

The membrane was incubated for 1 hr with gentle rocking in blocking solution, composed 

of 5% (w/v) milk marvel and 1% (w/v) bovine serum albumin (pH 7, ≥ 98%, Sigma 

Aldrich) prepared in PBST containing 0.05% (v/v) Tween 20. The upper portion of the cut 

membrane was incubated with mouse monoclonal anti-HSP70  antibody ( 3A3, Cat No. 

MA3-006, Thermo Fisher Scientific) diluted 1:1000, while the lower portion was 

incubated with mouse monoclonal anti-actin antibody (AC-15, Cat No. AM4302, 

Invitrogen) diluted 1:1000. Each membrane section was incubated with gentle rocking  for 
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1-2 h. Each membrane was then rinsed using PBST (0.05% Tween 20) three times, rocking 

for 10 minutes each time. Then each membrane section was incubated with Goat anti-

mouse IgG Superclonal secondary antibody, HRP (Cat No. A28177, Thermo Fisher 

Scientific) at 1:10000 dilution, for 30 minutes with gentle rocking. The blot was rinsed 

with PBST a further three times with PBST (0.05% Tween 20), for 10 minutes each time 

with gentle rocking. After, the membranes were placed on iBright CL 1500 Imaging 

System, then covered in Super Signal TM West Femto trial kit (34094, Thermo Fisher 

Scientific) developing solution, prepared following manufacturer’s guidelines at a ratio of 

1:1, Solution A: Solution B.  Signal was detected and image of blot was developed using 

iBright Cl 1500 Imaging System. Exposure times were adjusted automatically using the 

instrument software to avoid signal saturation. Band intensities were quantified using the 

densitometric analysis function of the iBright software. HSP70 signal intensity was 

normalised to the corresponding actin signal intensity for each sample, and normalised 

values were expressed relative to the Control group.. Western blot analysis was performed 

using three independent biological replicates for each temperature group, and five 

independent biological replicates for each treatment group. 
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2.2.4 Proteomic Analysis 

2.2.4.1 Retrieval of IPEC-J2 cells for proteomic analysis 

IPEC-J2 cells were harvested using Trypsin-EDTA and counted with a haemocytometer. 

Cells were seeded into T-25 culture flasks at a density of 5 × 10⁵ cells per flask and 

incubated overnight at 37°C in a humidified atmosphere containing 5% CO₂ (Forma Steri-

Cycle CO2 Incubator, Model No:371, Thermo Fisher Scientific) to allow for cell 

attachment. The following day, Selenium and vitamin treatments were prepared at 

appropriate concentrations and administered to the respective flasks. Cells were then 

incubated for 24 h under the same conditions. Post-treatment, flasks were assigned to 

either the control (CON) group, which remained at 37°C for 24 h, or the heat stress (HS) 

group, which were exposed to 42°C for 24 h. Following the exposure period, cells were 

detached using Trypsin-EDTA, neutralized with culture media, and transferred into 15 mL 

conical tubes. Cell suspensions were centrifuged at 1500 rpm for 5 minutes (Eppendorf, 

5804). The supernatant was discarded, and the cell pellets were resuspended in 2 mL 

Hank's Balanced Salt Solution (HBSS), followed by a second centrifugation under the 

same conditions. Supernatant was removed and pellet was resuspended in 250 µL HBSS 

and transferred into 0.5 mL microcentrifuge tubes. Tubes were placed in microcentrifuge 

for 2 minutes at 1500 rpm. Supernatant was removed and a final centrifugation was 

conducted (2 minutes, 1500 rpm). The final supernatant was carefully removed, and cell 

pellets were snap-frozen in liquid nitrogen and stored at -80°C. A total of three independent 

biological replicates per temperature/ treatment group were subjected to proteomic 

analysis. 

 

2.2.4.2 Proteomic analysis 

Proteomic analysis was performed on three independent biological replicates per 

temperature and treatment group. Protein extraction, digestion, and peptide clean-up were 

performed by Dr. Marcus Maher in Dublin City University (DCU) using the PreOmics In-

StageTip (iST) sample preparation kit (PreOmics GmbH, Martinsried, Germany). Cell 

pellets were lysed in 100 µL of PreOmics lysis buffer. The Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific, Cat No. 23225) was used to determine protein concentrations 

according to the manufacturer’s instructions, and 100 µg of total protein was processed 

from each sample. Samples were heated at 95°C for 5 minutes with continuous agitation 

(1000rpm) to ensure efficient protein denaturation, reduction, and alkylation. Protein 

digestion was carried out using a LysC/Trypsin enzyme mixture (in kit). Following the 
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enzyme reconstitution according to the manufacturer’s instructions, 50 µL of digestion 

solution was added to each sample, and the digestion was carried out at 37°C for 3 hours 

under continuous agitation (500 rpm). The reaction was stopped by the addition of stop 

solution. Resulting peptides were purified using integrated Stage Tip cartridges according 

to the manufacturer’s protocol. After washing to remove salts, detergents, and other 

contaminants, peptides were eluted, vacuum-dried at 45°C, and reconstitution in LC-MS 

loading solvent at a concentration of 1 µg/µL prior to analysis.  

Peptide samples were analysed in Dublin City University at the Life Sciences 

Research Facility using an Ultimate™ 3000 RSLCnano UHPLC system, (Thermo Fisher 

Scientific) coupled online to an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo 

Fisher Scientific). 

Peptides were trapped on an Acclaim™ PepMap™ 100 C18 trap column (300 µm x 

5mm) and separated on an Acclaim™ PepMap™ 100 analytical column (75 µm x 50 cm). 

The loading solvent consisted of water containing 0.1% trifluoracetic acid (TFA), while the 

analytical mobile phases consisted of Solvent A (water containing 0.1% formic acid (FA)), 

and Solvent B (80% acetonitrile containing 0.08% FA). Peptides were loaded at 25 µL/min 

and separated at a flow rate of 300 nL/min using a 126 min gradient. The gradient was 

increased from 5% to 35% Solvent B over 90 min, followed by a ramp to 90% Solvent B 

for column washing and re-equilibration prior to the next injection.  

Mass spectrometry data were acquired in positive ion mode using a data-dependent 

acquisition (DDA) method. Full MS scans were collected in the Orbitrap analyser at a 

resolution of 120000 (at m/z 200) across an m/z range of 380-15000, with an AGC target 

of 4 x 105 ions and a maximum injection time of 50 ms. The most abundant precursor ions 

with charge states of +2 to +6 were isolated using a 1.6 m/z quadrupole isolation window 

and fragmented by HCD at a normalised collision energy of 29%. MS/MS spectra were 

acquired in the ion trap using an AGC target of 2 x 104 ions and a maximum injection time 

of 35 ms. Dynamic exclusion was set to 60 s with a repeat count of one, and a cycle time of 

3 s was maintained throughout the acquisition.  

Protein identification was performed on MS/MS spectra and searched using 

Proteome Discoverer version 2.3 (Thermo Fisher Scientific) with the Sequest HIT search 

engine. Data was searched against the Sus scrofa protein database obtained from NCBI 

(downloaded 24th February 2026). Search parameters included trypsin digestion with up to 

two missed cleavages, a precursor mass tolerance of 10 ppm, and a fragment mass 
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tolerance of 0.6 Da. Carbamidomethylation of cysteine was specified as a fixed 

modification, whereas oxidation of methionine was treated as a variable modification. 

Peptide-spectrum matches were assessed using the Percolator algorithm with a target-

decoy strategy, and results were filtered to achieve a 1% false discovery rate (FDR) at the 

peptide level.  

Label-free quantitative proteomic analysis was performed using Progenesis QI for 

Proteomic (Nonlinear Dynamics, Waters Corporation). Raw LC-MS/MS data were 

imported and chromatographically aligned to correct fit retention time variation between 

runs. A representative run with high chromatographic quality was selected as the reference 

for alignment, and peptide ion features were automatically detected, matched, and 

quantified across all samples. Samples were assigned to their respective treatment groups, 

and feature abundances were normalised using the Progenesis global scaling normalisation 

algorithm to reduce technical variation between analyses.  

MS/MS spectra corresponding to quantified peptide features were exported from 

Progenesis QI and searched using Proteome Discoverer v2.3, as described above. Validated 

peptide-spectrum matches were subsequently reimported into Progenesis QI for peptide 

annotation and protein identification. Protein inference was performed using a 

parsimonious of unique, non-conflicting peptides. 

Prior to statistical analysis, peptide abundance data were normalised and arcsinh-

transformed to improve variance homogeneity. One-way ANOVA was performed at the 

peptide level, and peptides with a p-value ≤ 0.05 were retained for downstream protein 

quantification. Proteins were considered differentially expressed if they met the following 

criteria; (i) protein-level ANOVA p-value ≤ 0.05, (ii) identification by at least two unique 

peptides, (iii) a fold change ≥ 1.5 or ≤ 0.67 between experimental groups, and (iv) an 

overall protein FDR ≤ 1%.  

Mass spectrometry data acquisition, peptide identification, and the generation of 

differentially expressed protein lists were conducted by Dr. Michael Henry in Dublin City 

University. The resulting datasets were subsequently analysed by the author using the 

STRING database (https://string-db.org/) to investigate protein-protein interaction 

networks and perform functional enrichment analysis.  

 

 

https://string-db.org/
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2.2.5 Statistical Analysis 

The results of this study were analysed using one-way analysis of variance (ANOVA) with 

Tukey’s post hoc multiple comparisons test. Statistical significance was assigned at p ≤ 

0.05, p ≤ 0.01, and p ≤ 0.001. Results are presented as mean values of independent 

biological replicates, where n = 3 or n = 5. Each heat-stressed and/or treated sample was 

analysed relative to its corresponding control. 
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3 Results 
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3.1 Development of an in vitro model for heat stress using 

IPEC-J2 cells 

The establishment of a heat stress model in vitro is a foundational approach in research as 

it allows for a controlled study of how high temperatures affect a biological system. In this 

study IPEC-J2 cells were used as these cells mimic the intestinal tract of pigs. It is 

important to understand how higher temperatures affect pig intestinal epithelium as pigs 

are unable to dissipate heat resulting in a redistribution of blood flow away from the 

intestinal tract towards peripheral organs. This blood flow redistribution can damage the 

intestinal epithelium and establishing a heat stress model can give us an understanding of 

how the epithelium is affected at higher temperatures. 

 

3.1.1 Evaluation of the relative metabolic activity of IPEC-J2 cells after 

exposure to 41°C, 42°C, and 44°C for 2 hrs and 24 hrs, respectively 

To assess the effect of elevated temperatures on relative metabolic activity , IPEC-J2 cells 

incubated at their optimal temperature of 37°C were compared independently with cells 

exposed to higher temperature conditions. The higher temperatures examined were 41°C, 

42°C, and 44°C, cells were exposed for 2-h heat stress and 24-h heat stress, respectively. 

Each temperature group was carried out alongside a control group kept at the optimum 

temperature of 37°C. The higher temperature group was compared to the control group, 

assuming the control group metabolic activity  is 100%. In this study Alamar Blue® assay 

was used to measure the metabolic activity as an indicator of cell health in heat-stressed 

cells compared to cells maintained under physiological conditions. 

 

3.1.1.1 Alamar Blue® assay after  2-h heat stress on relative IPEC-J2 cell metabolic 

activity at 41°C, 42°C, and 44°C 

The relative metabolic activity of IPEC-J2 cells heat stressed for 2 h at elevated 

temperatures of 41°C, 42°C, and 44°C, was determined using the AB assay. The 

percentage of relative IPEC-J2 cell metabolic activity at higher temperatures was assessed 

relative to control cells maintained at optimal temperature of 37°C. Metabolic activity in  

IPEC-J2 cells exposed to 41°C for 2 h was approximately 104%  when compared to 

control cells at 37°C. Following 2 h exposure to 42°C and 44°C, the percentage of 

metabolic activity  relative to control cells decreased to approximately 78%, and 83%, 
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respectively (Figure 3.1-1). Three independent biological replicates were performed (n=3), 

with each temperature group analysed in 10 technical replicate columns on each 96-well 

plate. Statistical analysis was performed using One-way ANOVA with Tukey’s post hoc 

test. No significance was observed between temperature groups (p > 0.05).  

 

 

 

Figure 3.1-1: Effect of 2 h heat stress on metabolic activity in IPEC-J2 cells as determined by 

Alamar blue assay- Cells were exposed to elevated temperatures (41°C, 42°C, and 44°C) for 2 h. 

Relative metabolic activity  is expressed as a percentage relative to 37°C control cells. Bars 

represent the mean of three independent biological replicates (n=3), dots represent numerical value 

of each biological replicate, and error bars represent the standard deviation (SD). Statistical 

analysis was performed using One-way ANOVA with Tukey’s post hoc test (p > 0.05).  
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3.1.1.2 Alamar blue® assay after  24 h heat stress on relative  IPEC-J2 cell metabolic 

activity  at 41°C, 42°C, and 44°C 

The aim was to determine the effect of prolonged heat stress on IPEC-J2 cell relative 

metabolic activity . Cells were heat stressed at 41°C, 42°C, and 44°C for 24 h, and 

metabolic activity was assessed using AB reagent,  relative to cells maintained at optimal 

temperature of 37°C (Figure 3.1-2). Exposure to 41°C for 24 h resulted in approximately 

an 8% reduction of metabolic activity compared to control cells (37°C). After exposure to 

42°C and 44°C for 24 h, the relative metabolic activity decreased to approximately 74% 

and 70%, respectively, when compared to 37°C control. A total of 3 independent biological 

replicates were performed (n=3), with 10 technical replicate columns per 96-well plate of 

each temperature group investigated. Statistical analysis was performed on the 3 

independent biological replicates using One-way ANOVA with Tukey’s post hoc test, but 

no significance was detected between any temperature group (p > 0.05).   

 

 

Figure 3.1-2: Effect of 24 h heat stress on relative metabolic activity as determined by AB 

assay- IPEC-J2 cells were exposed to elevated temperatures (41°C, 42°C, and 44°C) for 24 h. 

Relative metabolic activity  is expressed as a percentage relative to 37°C control cells. Bars 

represent the mean of three independent biological replicates (n=3), dots represent numerical value 

of each biological replicate, and error bars represent the standard deviation (SD). Statistical 

analysis was performed using One-way ANOVA with Tukey’s post hoc test (p > 0.05). 
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3.1.2 Investigation of Heat Shock Protein 70 (HSP70) in IPEC-J2 cells 

exposed to heat stress 

HSP70 expression was selected as an indicator of the cellular heat stress response due to its 

role as a highly inducible and widely studied member of the heat shock protein family (Hu 

et al., 2022). It is also highly expressed in intestinal epithelial cells and plays a key 

cytoprotective role in maintaining gut homeostasis, making it a particularly appropriate 

marker for assessing the heat stress response in IPEC-J2 cells (Y. Wang et al., 2018; Zhong 

et al., 2010). Therefore, Western blot analysis was performed to determine whether heat 

stress at 41°C, 42°C, and 44°C for 2h and 24 h, respectively, induces HSP70 expression in 

IPEC-J2 cells, relative to control cells maintained at 37°C. This study used target protein 

HSP70, and house-keeping protein actin on each of the membranes. 

 

3.1.2.1 Western blot images of IPEC-J2 cells exposed to 41°C, 42°C, and 44°C 

Representative Western blot analysis of HSP70 and actin protein expression in IPEC-J2 

cells exposed to heat stress is shown in Figure 3.1-3. Cells were grown under control 

conditions (37°C), and exposed to elevated temperatures of 41°C (Figure 3.1-3 A), 42°C 

(Figure 3.1-3 B), and 44°C (Figure 3.1-3 C) for 2 h and 24 h, respectively. HSP70 bands 

were detected across all conditions, with differences in band intensity observed between 

temperature groups. Variability was also observed between samples in both HSP70 and 

actin protein band intensity. Quantitative assessment of HSP70 expression was performed 

using densitometric analysis normalised to actin (Figure 3.1-4). 
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Figure 3.1-3: Representative Western blot images of heat-stressed IPEC-J2 cells- Cells were 

heat-stressed for 2 h and 24 h, respectively, and samples were loaded at a protein concentration of 

10 µg per lane , and membranes were incubated with target antibody (HSP70) and house-keeping 

antibody (actin). Images represent 41°C (A), 42°C (B), and 44°C (C). 

 

Densitometric analysis was performed to determine HSP70 protein expression normalised 

to actin in IPEC-J2 cells exposed to 41°C, 42°C, and 44°C for 2 h and 24 h, respectively 

(Figure 3.1-4).  

Exposure to 41°C (Figure 3.1-4 A) resulted in increased HSP70 expression after 

both 2 h and 24 h exposure relative to control cells maintained at 37°C, with a significant 

increase observed following 24 h exposure (p = 0.0183). An increase in HSP70 abundance 

can also be observed in cells exposed to 42°C (Figure 3.1-4 B) and 44°C (Figure 3.1-4 C), 

at both timepoints; however, these differences were not statistically significant. Three 

independent biological replicates were performed for each temperature group investigated 

(n = 3). Statistical analysis was performed on the 3 independent biological replicates using 

One-way ANOVA with Tukey’s post hoc test, with significance marked as *(p ≤ 0.05).   
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Figure 3.1-4: Densitometric analysis of HSP70 expression- IPEC-J2 cells exposed to 41°C (A), 

42°C (B), and 44°C (C) for 2 h and 24 h, respectively. HSP70 expression was normalised to actin, 

and values are expressed as relative protein expression to 37°C control. Bars represent the mean of 

three independent biological replicates (n=3), and error bars represent the standard deviation (SD). 

Data was analysed using One-way ANOVA with Tukey’s multiple comparison with significance 

marked as *(p ≤0.05). 
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3.1.3 Investigation of the cellular morphology of IPEC-J2 cells exposed 

to heat stress at 42°C 

The aim of this was to determine if there are any visible changes in cell confluency and/or 

cell morphology. Images were taken of IPEC-J2 cells to compare normal cells grown at 

37°C with cells exposed to the higher temperature of 42°C. Representative images are 

shown from three technical replicates, with three randomly selected fields of view captured 

per condition. Imaging was not performed under blinded conditions. These images were 

not intended for use as a quantitative assessment of morphological analysis; they are 

presented as observations only.  

 

3.1.3.1 Effect of 2-hour heat stress on IPEC-J2 cell morphology 

Representative phase-contrast images of IPEC-J2 cells at 10x and 20x magnification are 

shown in Figure 3.1-5 (A-D). Under optimal conditions of 37°C (Figure 3.1-5 A and C), 

cells displayed typical epithelial morphology, characterised by adherent, spread cells with 

irregular polygonal shapes. Following exposure to heat stress at 42°C for 2 h (Figure 3.1-5 

B and D), no obvious morphological differences were observed. Cells remained adherent 

and retained a similar shape and overall structure at both magnifications.  

 



43 
 

 

Figure 3.1-5: Effect of 2-hour heat stress on IPEC-J2 cell morphology- Representative phase-

contrast images of IPEC-J2 cells maintained under optimal conditions (A, C) or exposed to heat 

stress at 42°C for 2 h (B, D). Images were captured at 10x (A, B) and 20x (C, D) magnification. 

Scale bars = 100µm.  
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3.1.3.2 Effect of 24-hour heat stress on IPEC-J2 cell morphology 

Similarly to observations made at 2-hour heat stress, after 24 h exposure to 42°C there 

were no obvious morphological changes in IPEC-J2 cells. Figure 3.1-6 shows 10x 

magnification (A, B) and 20x magnification (C, D) of cells maintained at optimal 

temperature of 37°C (A, C) and cells exposed to 42°C for 24 h (B, D). In control images, 

cells appear to be adherent and in heat-stressed images cells retained similar morphology 

with no major changes in cell shape or adherence. An apparent increase in rounded cells 

and variation in cell density was observed following 24-hour heat exposure; however, these 

observations were not quantitatively assessed.  

Overall, prolonged heat stress did not induce pronounced morphological changes in 

IPEC-J2 cells, although minor qualitative differences were observed at 24 h. 

 

 

Figure 3.1-6: Effect of 24-hour heat stress on IPEC-J2 cell morphology- Representative phase-

contrast images of IPEC-J2 cells maintained under optimal conditions (A, C) or exposed to heat 

stress at 42°C for 24 h (B, D). Images were captured at 10x (A, B) and 20x (C, D) magnification. 

Scale bars = 100µm.  
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3.2 Investigation of treatment with different Selenium (Se) and 

vitamin compounds to mitigate the impacts of heat stress 

Selenium (Se) compounds were selected for investigation due to their reported ability to 

alleviate heat-induced cellular stress. Previous studies have shown that selenium can 

enhance cellular resilience in IPEC-J2 cells (J. Tang et al., 2019). The effects of treatment 

with organic Se compounds for 24 h and 48 h were therefore investigated to determine if 

Se compounds can alleviate the decrease in relative metabolic activity of heat-stressed 

IPEC-J2 cells. 

IPEC-J2 cells were treated with five different organic Selenium compounds 

(Organic Se-A/B/C/D/F), one inorganic Selenium compound (Inorganic Se (E)), and two 

vitamins (E & C) to determine if they can alleviate the effects of heat stress. The organic 

Se compounds differed in composition and were sourced from different suppliers, allowing 

comparison of their relative effects under identical experimental conditions. Each of the 

compounds went through a standardised in vitro digestion (Boisen & Fernandez, 1997; 

Meunier et al., 2008), of which the total Se content (ppm) was determined using ICP-OES. 

In contrast, vitamin concentrations were calculated based on the known mass of 

compounds added and the final volume of the prepared solutions. From these results Se 

and vitamin compounds were added to the cells based on established dietary 

recommendations for swine nutrition. Organic Se supplementation is limited to a 

maximum of 0.2 mg/kg, while vitamin E is commonly included at 11-16 IU/kg (Crenshaw, 

2025; Official Journal of the European Union, 2022). vitamin C was also investigated 

despite the absence of a dietary requirement; in this study it was added at varying  

concentrations between 25 and 300 µg/mL .  

 

3.2.1 Selenium concentration of digested samples 

Se concentrations of the organic and inorganic Se samples that underwent in vitro digestion 

were determined by ICP-OES. This was done to verify the Se content (ppm) of the 

digested preparations prior to cell treatment. The measured Se content for each sample is 

presented in Table 3.2-1. 
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Table 3.2-1: Se concentrations (ppm) of digested organic and inorganic Se treatments as 

determined by ICP-OES, and the final concentration (µg/mL) added to IPEC-J2 cells 

Treatment Se concentration (ppm) 
Final concentration 

applied to cells (µg/mL) 

Organic Se-A 58.8 0.2 

Organic Se-B 41.5 0.2 

Organic Se-C 29.2 0.2 

Organic Se-D 477.5 0.2 

Inorganic Se (E) 11342 0.2 

Organic Se-F 57.98 0.2 

 

 

3.2.2 Effect of 48-hour exposure to Se and vitamin compounds on IPEC-

J2 cell metabolic activity at 37°C 

To assess the effects of Se and vitamin compounds on  IPEC-J2 cell metabolic activity  

under optimal conditions, cells were treated with each of the compounds at the specified 

concentration for 48 h. AB was used to determine the metabolic activity of heat-stressed 

cells, expressed relative to untreated control, results  presented in Figure 3.2-1. Following 

treatment with each of the products for 48 h, there was a significant impact on the 

metabolic activity of cells treated with vitamin C when compared to untreated control 

group (p < 0.00000001). The relative metabolic activity reduced to approximately 12% in 

cells treated with vitamin C. The largest increase is observed in cells treated with Organic 

Se-A with relative cell metabolic activity increasing to approximately 103%. Three 

independent biological replicates were performed (n = 3). Within each biological replicate, 

each treatment was analysed using two columns of a 96-well plate, serving as technical 

replicates. Statistical analysis was carried out on the three biological replicates, using One-

way ANOVA with Tukey’s post hoc test, with significance marked as *(p ≤ 0.05).  
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Figure 3.2-1: Effect of 48-hour treatment with Se and vitamin compounds on relative IPEC-

J2 cell metabolic activity  as determined by Alamar Blue assay- Cells were treated with Se 

compounds at a concentration of 0.2 µg/mL , vit E at 10.72 µg/mL, and it C at 250 µg/mL . IPEC-

J2 cell metabolic activity  was assessed using Alamar Blue assay and expressed as a percentage 

relative to the untreated control group. Bars represent mean IPEC-J2 cell metabolic activity , dots 

represent numerical value of each biological replicate, and error bars indicate standard deviation (n 

= 3). Data was analysed using One-way ANOVA with Tukey’s multiple comparison with 

significance marked as *(p ≤ 0.05). 
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3.2.3 Investigation of 24-hour treatment with Se and vitamin compounds 

on IPEC-J2 cells to mitigate reduced cell metabolic activity under 

heat stress at 42°C 

IPEC-J2 cells were treated with Se and vitamin compounds for 24 h prior to being heat-

stressed at 42°C for 2 h and 24 h, respectively. AB reagent was used to determine the 

relative metabolic activity  of heat-stressed IPEC-J2 cells, expressed as a percentage 

relative to untreated cells maintained at optimal temperature of 37°C. Experiments were 

performed using three biological replicates (n = 3), with parallel plates maintained at 37°C 

(Con) or subjected to heat stress at 42°C. Due to previously observed cytotoxic effects 

(Section 3.2.1), vitamin C at 250 µg/mL was excluded from this analysis. See Appendix 

(Figures 6.6-1 to 6.1-4) that display individual temperature and treatment graphs with dots 

representing individual biological replicate numerical data points. 

 

3.2.3.1 Effect of 24-hour treatment with Se and vit compounds on IPEC-J2 cell metabolic 

activity following 2-hour heat stress 

Cells treated with Se and vitamin compounds for 24 h were subsequently exposed to heat 

stress at 42°C for 2 h, and metabolic activity was assessed relative to cells maintained at 

optimal temperature of 37°C (Figure 3.2-2). Under control conditions, heat stress reduced 

relative metabolic activity from 100% to approximately 73%. Under optimal conditions, 

cells treated with Inorganic Se (E) showed the greatest reduction in relative metabolic 

activity , with a reduction of roughly 20%, while treatment with Organic Se-D increased 

metabolic activity to approximately 114%, relative to untreated control. The relative 

metabolic activity of cells treated with all other compounds ranged between roughly 90-

100%. Under heat stress conditions, cells treated with Organic Se-A shows the greatest 

reduction with relative metabolic activity approximately 58%. Although Inorganic Se (E) 

treatment under normal physiological conditions showed the greatest reduction in relative 

metabolic activity, under heat stress conditions it show the largest increase in relative 

metabolic activity, reaching 114%. Cells treated with Organic Se-F and vitamin E show a 

similar increase in relative metabolic activity, reaching approximately 113% and 110%, 

respectively. Cells treated with Organic Se-B to D show a reduced metabolic activity 

relative to 37°C control, with relative metabolic activity ranging between approximately 

70-90%. Three independent biological replicates were performed (n = 3). Within each 

biological replicate, each treatment was analysed using two columns of a 96-well plate, 
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serving as technical replicates. Statistical analysis was carried out on the three biological 

replicates, using One-way ANOVA with Tukey’s post hoc test, no significance was 

observed (p > 0.05). 

 

 

 

Figure 3.2-2: Effect of 24-hour treatment with Se and vitamin compounds on relative IPEC-

J2 cell metabolic activity following 2-hour heat stress- Cells were treated with treatments 

organic Se compounds (Organic Se-A, Se-B, Se-C, Se-D, Se-F), Inorganic Se (E), and vitamin E 

for 24 h and subsequently exposed to 42°C for 2 h. Relative metabolic cell activity was measured 

using Alamar blue assay and expressed as a percentage relative to untreated cells maintained at 

37°C. Bars represent mean ±SD of n=3 independent experiments.  

 

3.2.3.2 Effect of 24-hour treatment with Se and Vit compounds on relative IPEC-J2 cell 

metabolic activity following 24-hour heat stress 

Following 24-hour treatment with Se and vitamin compounds, cells were subjected to heat 

stress at 42°C for 24 h, and IPEC-J2 cell metabolic activity was assessed relative to cells 

maintained at 37°C using the AB assay (Figure 3.2-3). Heat exposure for 24 h resulted in a 

significant reduction of relative cell metabolic activity , decreasing from 100% at 37°C to 

approximately 50% at 42°C (p = 0.0015). A similar trend was observed across all the 
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treatments at 37°C, with cell metabolic activity ranging between roughly 87% and 103%, 

relative to untreated 37°C control. Under heat stress conditions, each of the treatments 

increased the IPEC-J2 cell metabolic activity when compared to 42°C control group. 

Treatment with Inorganic Se (E) showed the greatest increase in relative metabolic activity 

, reaching approximately 80%, while treatment with Organic Se-A, B, C, and D showed a 

similar trend with relative cell metabolic activity ranging between approximately 52-59%. 

Organic Se-F and vitamin E supplementation showed a slightly higher relative cell 

metabolic activity of roughly 64-65%. Three independent biological replicates were 

performed (n = 3). Within each biological replicate, each treatment was analysed using two 

columns of a 96-well plate, serving as technical replicates. Statistical analysis was carried 

out on the three biological replicates, using One-way ANOVA with Tukey’s post hoc test, 

no significance was observed (p > 0.05). 

 

 

 

Figure 3.2-3: Effect of 24-hour treatment with Se and vitamin compounds on relative IPEC-

J2 cell metabolic activity following 24-hour heat stress- Cells were treated with treatments 

organic Se compounds (Organic Se-A, Se-B, Se-C, Se-D, Se-F), Inorganic Se (E), and vitamin E 

for 24 h and subsequently exposed to 42°C for 24 h. Cell metabolic activity was measured using 

Alamar blue assay and expressed as a percentage relative to untreated cells maintained at 37°C. 

Bars represent mean ±SD of n=3 independent experiments. Data was analysed was analysed using 
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One-way ANOVA with Tukey’s multiple comparison with significance marked as *(p ≤ 0.05) and 

**(p ≤ 0.01). 
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3.2.4 Investigation of 48-hour treatment with Se and vitamin compounds 

on IPEC-J2 cells to mitigate reduced IPEC-J2 cell metabolic 

activity under heat stress at 42°C 

Similarly to Section 3.2.2, IPEC-J2 cells were treated with Se and vitamin compounds, this 

time for 48 h, prior to exposure to heat stress at 42°C for either 2 h or 24 h. IPEC-J2 cell 

metabolic activity was assessed using AB assay and expressed as a percentage relative to 

untreated control cells maintained at the optimal temperature of 37°C. A total of three 

biological replicates was performed, with parallel plates at 37°C (Con) and HS at 42°C. 

 

3.2.4.1 Effect of 48-hour treatment with Se and vitamin compounds on relative IPEC-J2 

cell metabolic activity following 2-hour heat stress 

Following 48-hour treatment with Se and vitamin compounds, cells were subjected to heat 

stress at 42°C for 2 h, and IPEC-J2 cell metabolic activity was assessed relative to cells 

maintained at 37°C using AB assay (Figure 3.2-4). Following 2 h heat stress, untreated 

control IPEC-J2 cells decreased in metabolic activity to approximately 79% compared to 

control cells maintained at optimal temperature. Treatment with Organic Se-A, B, C, and D 

for 48 h increased the cell metabolic activity , compared to their respective treatment at 

37°C, and to the controls, with relative IPEC-J2 cell metabolic activity ranging between 

roughly 104-111%. Inorganic Se (E), Organic Se-F, and vitamin E supplementation for 48 

h increased cell metabolic activity compared to the heat-stressed control, with relative cell 

metabolic activity at approximately 88%, 91%, and 90%. Three independent biological 

replicates were performed (n = 3). Within each biological replicate, each treatment was 

analysed using two columns of a 96-well plate, serving as technical replicates. Statistical 

analysis was carried out on the three biological replicates, using One-way ANOVA with 

Tukey’s post hoc test, no significance was observed (p > 0.05). 
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Figure 3.2-4: Effect of 48-hour treatment with Se and vitamin compounds on relative IPEC-

J2 cell metabolic activity following 2-hour heat stress- Cells were treated with treatments 

organic Se compounds (Organic Se-A, Se-B, Se-C, Se-D, Se-F), Inorganic Se (E), and vitamin E 

for 48 h and subsequently exposed to 42°C for 2 h. IPEC-J2 cell metabolic activity was measured 

using Alamar blue assay and expressed as a percentage relative to untreated cells maintained at 

37°C. Bars represent mean ±SD of n=3 independent experiments. 

 

3.2.4.2 Effect of 48-hour treatment with Se and vitamin compounds on relative IPEC-J2 

cell metabolic activity following 24-hour heat stress 

Cells treated with Se and vitamin compounds for 48 h were subsequently exposed to heat 

stress at 42°C for 24 h, and IPEC-J2 cell metabolic activity was assessed relative to cells 

maintained at optimal temperature of 37°C (Figure 3.2-5). Under control conditions, heat-

stressed cells decreased in metabolic activity to approximately 63%, compared to control 

cells maintained at 37°C. At optimal temperature cells treated with Organic Se-A, B, and C 

increased the cells’ metabolic activity compared to control cells at optimal temperature, 

ranging from roughly 110% to 111%. Cells treated with Organic Se- D, F, Inorganic Se (E), 

and vitamin E at 37°C showed a very slight reduction in metabolic activity compared to 

37°C. Similar trend was seen in heat-stressed cells treated with compounds for 48 h. 

Organic Se-A, B, C, and D showed an increase in IPEC-J2 cell metabolic activity 

compared to 42°C control, with cells’ metabolic activity at approximately 80%, 86%, 90%, 
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and 88%, respectively. While Inorganic Se (E), Organic Se-F, and vitamin E showed a 

slight reduction in cell metabolic activity compared to the heat-stressed control, with cell 

metabolic activity ranging between approximately 67% and 71%. Three independent 

biological replicates were performed (n = 3). Within each biological replicate, each 

treatment was analysed using two columns of a 96-well plate, serving as technical 

replicates. Statistical analysis was carried out on the three biological replicates, using One-

way ANOVA with Tukey’s post hoc test, no significance was observed (p > 0.05). 

 

 

Figure 3.2-5: Effect of 48-hour treatment with Se and vitamin compounds on relative IPEC-

J2 cell metabolic activity following 24-hour heat stress- Cells were treated with treatments 

organic Se compounds (Organic Se-A, Se-B, Se-C, Se-D, Se-F), Inorganic Se (E), and vitamin E 

for 48 h and subsequently exposed to 42°C for 24 h. IPEC-J2 cell metabolic activity was measured 

using Alamar blue assay and expressed as a percentage relative to untreated cells maintained at 

37°C. Bars represent mean ±SD of n=3 independent experiments. 
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3.2.5 Effect of 48-hour exposure to vitamin C on IPEC-J2 cell metabolic 

activity at 37°C 

Based on the results from Section 3.2.1, the initial concentration of vitamin C at 250 

µg/mL resulted in a substantial reduction in relative IPEC-J2 cell metabolic activity to 

approximately 12% (Figure 3.2-1). To determine an appropriate working concentration of 

vitamin C, the cytotoxic effects were assessed across a range of concentrations. IPEC-J2 

cells were exposed to increasing doses of vitamin C, ranging between 5 µg/mLand 600 

µg/mL, for 48 h, and the cell metabolic activity was measured using AB reagent, relative to 

untreated control. Three independent biological replicates were performed (n = 3). Within 

each biological replicate, each vitamin C concentration was analysed using one column of 

a 96-well plate. Statistical analysis was carried out on the three biological replicates, using 

One-way ANOVA with Dunnett’s test, with significance marked as ***(p ≤ 0.001). 

As shown in Figure 3.2-6, the concentrations of 100 µg/mL and higher resulted in a 

significant decrease (p ≤0.001) in cell metabolic activity , with activity ranging between 

approximately 8% and 22%, relative to untreated control cells. Treatment with 50 µg/mL 

of vitamin C also reduced IPEC-J2 cells metabolic activity to roughly 66%. In contrast, 

lower concentrations of 5, 10, and 25 µg/mL slightly increased the metabolic activity  of 

cells, to approximately 115%, 112%, and 107%, respectively, relative to control cells. 

 

Figure 3.2-6: Effect of 48-hour treatment with vitamin C on relative IPEC-J2 cell metabolic 

activity as determined by Alamar Blue assay- Cells treated with increasing concentrations of 

vitamin C for 48 h, with IPEC-J2 cell metabolic activity expressed as a percentage relative to 
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untreated control cells. Dots represent mean IPEC-J2 cell metabolic activity with error bars 

indicating standard deviation. Data was analysed using One-way ANOVA with Dunnett’s test to 

compare each concentration with the control group, with significance marked as ***(p ≤ 0.001), 

n=3. 
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3.2.6 Investigation of 24-hour treatment with vitamin C on relative 

IPEC-J2 cell metabolic activity under heat stress at 42°C 

Using the results from the toxicity assay (Section 3.2.4), the concentrations of 200, 100, 50 

and 25 µg/mL were selected for further analysis. To determine the effects of vitamin C 

concentration on relative IPEC-J2 cell metabolic activity in heat-stressed IPEC-J2 cells, 

they were treated for 24 h, and cells’ metabolic activity was assessed after 24 h of heat 

stress at 42°C. AB reagent was used to assess metabolic activity , with the metabolic 

activity expressed as a percentage relative to untreated cells that were maintained at 

optimal temperature of 37°C (Figure 3.2-7). After 24 h of heat stress, the metabolic activity 

of untreated heat-stressed cells was decreased to approximately 81%, compared to 37°C 

control. A similar trend of metabolic activity in treated cells maintained at 37°C was seen 

compared with Section 3.2.4, with metabolic activity increasing in cells treated with 

25µg/mL vitamin C to roughly 101%, and a decrease in metabolic activity in cells treated 

with 5, 100, and 200 µg/mL, decreasing to approximately 47%, 14%, and 7%, respectively, 

compared to 37°C control. In heat-stressed cells, 25 µg/mL vitamin C increased the cells’ 

metabolic activity to approximately 84% compared to heat-stressed control at around 81%. 

The concentrations of 50, 100, and 200 µg/mL showed a decrease in cell metabolic activity 

compared to 42°C control with metabolic activity ranging between approximately 46%, 

8%, and 5%, respectively. Three independent biological replicates were performed (n = 3). 

Within each biological replicate, each treatment was analysed using two columns of a 96-

well plate, serving as technical replicates. Data was analysed using One-way ANOVA with 

Dunnett’s test and significance marked as *(p ≤ 0.05).  
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Figure 3.2-7: Effect of 24-hour treatment with vitamin C on IPEC-J2 cells’ metabolic activity 

after being heat stressed at 42°C for 24 h- IPEC-J2 cells were treated with 50, 100, and 200 

µg/mL vitamin C for 24 h prior to being heat-stressed at 42°C for a further 24 h. Data was analysed 

using One-way ANOVA with Dunnett’s test, significance marked as *(p ≤ 0.05), n=3. 
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3.2.7 Investigation of 24-hour treatment with Se and vitamin compounds 

on Heat Shock Protein 70 (HSP70) abundance in IPEC-J2 cells 

prior to being exposed to 42°C for 24 hours 

The aim of this was to determine if 24-hour treatment with organic Se, inorganic Se, and 

vitamin compounds in heat-stressed IPEC-J2 cells affects the abundance of molecular 

chaperone protein, HSP70. Western blot analysis was used as it can quantify total protein 

abundance in a sample. The house-keeping protein used in this study was actin, with each 

of the target protein (HSP70) bands normalised to this house-keeping protein, then protein 

abundance was determined relative to untreated control group. In short, IPEC-J2 cells were 

treated with each compound for 24 h, then, control cells remained at 37°C while HS cells 

were exposed to 42°C for 24 h. A total of five independent biological replicates were run 

with each blot containing 37°C control, 42°C control, and treated cells, with bands present 

at 70kDa (HSP70) and 45kDa (actin). Western blots were performed with treated samples 

maintained at 37°C and treated heat-stressed samples run on separate membranes. 

Membranes were first probed with HSP70 primary antibody followed by the corresponding 

secondary antibody. Then, membranes were probed with actin primary and secondary 

antibodies as a loading control.  

Representative blots are shown for treated cells maintained at 37°C (Figure 3.2-8 

A) and treated cells exposed to heat stress at 42°C for 24 h (Figure 3.2-8 B). Under control 

conditions (37°C), HSP70 expression was detected across all treatment groups, with 

relatively consistent band intensity observed between treatment groups. A larger band can 

be seen in 42°C Con group compared to samples maintained at 37°C. Actin was used as a 

loading control and showed consistent and intensity across all samples, indicating 

comparable protein loading between lanes. In contrast, exposure to heat stress at 42°C 

(Figure 3.2-8 B) resulted in an overall increase in HSP70 band intensity across all samples 

compared to the 37°C Con on the blot. Actin bands showed relatively consistent band 

intensity across all heat-stressed samples. It can be observed that with some treatments 

(Organic Se-A and vitamin C) appear to exhibit relatively stronger HSP70 band intensity 

under heat stress conditions. See supplementary figures (Figures 6.6-2 and 6.2-3) for all 

membrane images (n = 5). 
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Figure 3.2-8: Representative Western blot membrane images- HSP70 protein expression in 

IPEC-J2 cells treated with Organic Se-A/ B/ C/ D/ F, Inorganic Se (E), vitamin E, and vitamin C 

compounds under control (37°C) and heat stress (42°C) conditions. Representative Western blots 

showing HSP70 expression in cells maintained at 37°C (A) and HSP70 expression in cells 

following exposure to 42°C (B). Cells were treated with compounds for 24 h prior to being heat 

stressed for a further 24 h. HSP0 expression was detected using specific primary and secondary 

antibodies, and membranes were probed with actin as a loading control.  
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Densitometric analysis was then performed to determine HSP70 protein expression 

normalised to actin in IPEC-J2 cells treated with Se and vitamin compounds for 24 h prior 

to exposure to heat stress at 42°C for 24 h (Figure 3.2-9). A total of five independent 

biological replicates were performed (n = 5). Data was analysed using One-way ANOVA 

with Tukey’s post hoc test, with significance marked as *(p ≤ 0.05). 

Under control conditions (37°C) each of the compounds, except for vitamin E, 

increased the abundance of HSP70 compared to untreated control, with relative HSP70 

expression ranging between approximately 1.2 and 1.7. Supplementation with vitamin E 

under optimal conditions caused a decrease in HSP70 expression, with expression reduced 

to 0.75, compared to untreated 37°C control.  

A significant increase (p = 0.0151) in HSP70 expression was observed in the 

untreated control cells following heat stress compared to cells maintained at 37°C, with 

expression increased to approximately 2.2. Each of the treatment groups under heat stress 

conditions resulted in an increase in HSP70 expression when compared to the 37°C control 

and to their respective treatment at 37°C. The highest increase in HSP70 expression is seen 

in heat-stressed cells treated with Organic-Se A, Inorganic Se (E), and vitamin C, with 

expression increased to approximately 1.9 relative to 37°C control. Supplementation with 

Organic Se-C and F showed the lowest HSP70 expression, at roughly 1.3, while Organic 

Se-B, D, and vitamin E show similar expression ranging between approximately 1.6 and 

1.8. Overall, these findings demonstrate that heat stress induces HSP70 expression in 

IPEC-J2 cells, with variation in response observed depending on the treatment applied. 
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Figure 3.2-9: Densitometric analysis of HSP70 expression- IPEC-J2 cells treated with Se and 

vitamin compounds for 24 h then exposed to 37°C or 42°C for a further 24 h. HSP70 expression 

was normalised to actin, and values are expressed as relative protein expression to 37°C control. 

Data was analysed using One-way ANOVA with Tukey’s multiple comparison with significance 

marked as *(p ≤ 0.05), n=5. 
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3.3 Proteomic Analysis 

A heat stress model was established using IPEC-J2 cells exposed to 42°C for 24 h, which 

resulted in a decrease in IPEC-J2 cell metabolic activity using AB assay, and increased 

expression of HSP70 confirmed by Western blotting. This model was subsequently used to 

investigate the proteomic response of IPEC-J2 cells to heat stress, and to evaluate the 

impact of nutritional supplementation on this model.  

Firstly, a comparative quantitative proteomic analysis was performed between cells 

exposed to heat stress for 24 h at 42°C, and control cells maintained at 37°C. Protein 

samples were extracted from cells, digested into peptides and analysed using tandem LC-

MS/MS, where peptides were separated based on physicochemical properties and 

identified based on their mass-to-charge ratios. Heat-stressed cells supplemented with 

organic Se, inorganic Se, vit E, and vit C were then compared to untreated heat-stressed 

cells to assess the effects of supplementation under heat stress conditions. In this study, 

Organic Se-A was selected for further investigation in order to investigate the molecular 

mechanisms associated with Se-mediated responses to heat stress . Due to commercial 

confidentiality, the rationale for selection cannot be described in greater detail. 

Proteins that were identified was achieved by matching peptide spectra to protein 

databases, and relative abundance was determined based on peptide intensities. 

Differentially expressed proteins were identified using statistical analysis (p ≤ 0.05 and 

log2(FC) ≥ 0.0585). Functional annotation and pathway enrichment analyses were 

performed using the Search Tool for the Retrieval of Interacting Genes (STRING) database 

(https://string-db.org/) to identify significantly affected biological processes, and protein-

protein interaction (PPI) networks. Since adjusted p-values for differential abundance were 

not available from the exported dataset, these findings should be considered exploratory. 

Significantly altered proteins (p ≤ 0.05) were mapped onto interaction networks, 

and clustering analysis was applied to identify groups of proteins associated with shared 

biological functions. These analyses provide an overview of the coordinated cellular 

pathways that are impacted by heat stress, and the modulatory effects of nutritional 

supplementation in IPEC-J2 cells under heat stress. 
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3.3.1 Comparative proteomic analysis of heat-stressed and control IPEC-

J2 cells 

From the quantitative analysis a total of 960 proteins were detected between cells exposed 

to 42°C and control cells maintained at 37°C. The data was sorted so the proteins included 

in analysis had a peptide count ≥ 2, fold change (FC) ≥ 1.5, and a p-value ≤ 0.05. This 

reduced the number of proteins to 361, with 152 of these proteins being upregulated in the 

heat-stressed cells while 209 were downregulated. The proteins with a fold change value ≥ 

1.5, and p-value ≤ 0.05 were plotted on a volcano plot (Figure 3.3-1). 

 

 

Figure 3.3-1: Volcano plot illustrating differential protein expression between heat-stressed 

and control IPEC-J2 cells. The x-axis shows log2 fold change, and the y-axis shows the  -log10(p-

value). Proteins significantly upregulated are highlighted in blue, significantly downregulated 

proteins are shown in orange, while grey dots are not significant. Horizontal and vertical dashed 

lines indicate the applied significance thresholds (p ≤ 0.05, and log2FC ≥ 0.585).  
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3.3.1.1 STRING analysis on upregulated proteins in heat-stressed IPEC-J2 cells 

compared to control cells 

The STRING database was used to determine protein-protein interactions (PPIs) and 

examine relationships between proteins that were significantly upregulated (p ≤ 0.05) in 

heat-stressed IPEC-J2 cells compared to cells maintained at optimal temperature. The 

resulting interaction (Figure 3.3-2) shows a high degree of connectivity, indicating 

coordinated regulation of multiple cellular pathways in response to heat stress.  

The most prominent cluster comprised molecular chaperones and heat shock 

proteins, including HSP90AA1, HSP90B1, HSPA8, HSPD1, and HSPH1, alongside co-

chaperones such as STIP1, DNAJA2, DNAJB1, DNAJC9, and FKBP4. This cluster was 

enriched for functions related to protein folding and the HSP90 chaperone cycle. 

Another major cluster included proteins involved in protein folding within the ER, 

such as CALR, PDIA3, PDIA4, PDIA6, ERP29, and ERO1A. Additional smaller clusters 

were associated with calcium-binding proteins and nuclear associated components, 

including Lamin proteins. 

Overall, the STRING interaction network demonstrated enrichment of pathways 

related to molecular chaperone activity and ER protein processing in response to heat 

stress.  
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Figure 3.3-2: STRING PPI network of proteins significantly upregulated in heat-stressed 

IPEC-J2 cells compared to control cells (p ≤ 0.05)- Nodes represent proteins, and edges 

represent predicted or known functional interactions. The network was generated using high-

confidence interaction score (0.7) and shows significant enrichment (PPI enrichment p-value < 

1.0e-16). Functional clustering highlights enrichment of heat shock proteins and molecular 

chaperones, ER protein folding proteins, and smaller clusters related to calcium binding, nuclear 

localisation and vesicle trafficking.  
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Pathway enrichment analysis was performed to identify cellular pathways and functions 

associated with the upregulated proteins in heat-stressed IPEC-J2 cells compared to cells 

maintained at optimal temperature. Enrichment was assessed using adjusted false 

discovery rate (FDR) values, with pathways visualised according to significance and gene 

count (Figures 3.3-3, A-D). 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis (Figure 

3.3-3 A), highlighted protein processing in the ER as the most significantly enriched 

pathway (FDR ≈11), while antigen processing and presentation showed lower enrichment. 

Gene ontology (GO) analysis further supported these findings, with cellular component 

(Figure 3.3-3 B) terms enriched for intracellular structures, including cytoplasm, 

intracellular organelle, and ER lumen. GO biological process analysis (Figure 3.3-3 C) 

demonstrated strong enrichment of pathways related to protein folding, intracellular 

transport, and cellular localisation. Similarly GO molecular function analysis (Figure 3.3-3 

D) identified significant enrichment of chaperone binding, unfolded protein binding, and 

protein folding chaperone activity.  
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Figure 3.3-3: KEGG and Gene Ontology (GO) enrichment analysis of differentially expressed 

proteins upregulated in IPEC-J2 cells under heat stress. Bubble plots show enrichment of (A) 

KEGG pathways, (B) cellular components, (C) biological processes, and (D) molecular functions. 

The x-axis represents -log (FDR), bubble size indicated gene count, and colour represents FDR.  
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To further characterise the proteomic response to heat stress, a list of 10 differentially 

upregulated proteins was compiled based on the fold change (p ≤ 0.05) (Table 3.3-1). The 

most markedly upregulated protein was B-cell receptor-associated protein 31 (BCAP31), 

which showed a 706.2-fold increase in abundance in heat-stressed cells compared to 

control cells maintained at 37°C. This was followed by 26S proteasome non-ATPase 

regulatory subunit 2 (PSMD2) with a 531.9-fold increase, and proliferating cell nuclear 

antigen (PCNA) with a max fold change of 449.5. Several molecular chaperone-associated 

proteins were also among the most upregulated, including DNAJ homolog subunit A 

member 2 (184.7-fold change), alongside calcium-binding proteins such as S100A11 and 

S100A6 with fold changes of 132.2 and 28.8, respectively. Other highly upregulated 

proteins included glutamine—fructose-6-phosphate aminotransferase (GFPT1), and 14-3-3 

protein zeta/delta, with fold changes ranging between 102.9 and 93.0, as well as Ras-

related protein Rab-1A (38.0-fold change), and eukaryotic translation initiation factor 2 

subunit 3 (31.4-fold change).  

These proteins are primarily associated with protein quality control mechanisms, 

including ER stress, molecular chaperone activity, proteasome-mediated protein 

degradation, and regulation of translation and cell cycle processes, demonstrating a 

coordinated cellular response to manage protein misfolding and maintain proteostasis 

under heat stress conditions.  

Some of the proteins in Table 3.3-1 exhibited exceptionally high fold changes, no 

missing or zero values were identified, but low protein abundance in the 37°C Con samples 

contributed to the observed fold-change. Therefore, fold-change values should be 

interpreted carefully. The mean abundance was calculated from three independent 

biological replicates (n = 3).  
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Table 3.3-1: Differentially expressed proteins identified in IPEC-J2 cells heat stressed at 42°C 

for 24 h- The table includes protein name, number of unique peptides, mean normalised abundance 

for each group (n = 3), fold change, direction of change, and protein-level ANOVA p-value. 

Proteins were filtered based on a peptide count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤ 

0.05.   

Protein 

Description 

Unique 

Peptides 

Mean 

Abundance 

(37°C Con) 

Mean 

Abundance 

(42°C Con) 

Fold 

Change 
Direction 

ANOVA 

p-value 

B-cell receptor-

associated 

protein 31 

3 300.9 212486.4 706.2 Up 0.00016 

26S proteasome 

non-ATPase 

regulatory 

subunit 2 

2 88.4 46994.1 531.9 Up 0.01423 

DNA sliding 

clamp PCNA 
2 1166.2 524177.7 449.5 Up 0.00014 

DNAJ homolog 

subfamily A 

member 2 

2 292.6 54054.6 184.7 Up 0.02178 

Protein S100-

A11 
2 25041.8 3311029.4 132.2 Up 0.00064 

Glutamine--

fructose-6-

phosphate 

aminotransferase 

2 4031.7 414730.4 102.9 Up 0.00344 

14-3-3 protein 

zeta/delta 
5 100957.7 9391292.8 93.0 Up 0.02695 

Ras-related 

protein Rab-1A 
2 5126.8 194724.9 38.0 Up 0.00282 

Eukaryotic 

translation 

initiation factor 2 

subunit 3 

3 10167 319458.0 31.4 Up 0.00322 
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Protein S100-A6 2 5300934.3 15412792.8 28.8 Up 5.71e-05 

 

   

   

   

   

   

   

   

   

   

   

   

 

  



73 
 

3.3.1.2 STRING analysis on downregulated proteins in heat-stressed IPEC-J2 cells 

compared to control cells 

PPI analysis of downregulated proteins in IPEC-J2 cells under heat stress, revealed a well-

connected network comprising several distinct functions.  

The largest and most highly connected cluster primarily consists of proteins that are 

involved in translation and protein synthesis, including multiple ribosomal proteins and 

translation initiation and elongation factors. The high degree of connectivity is indicating 

regulation of components associated with translational machinery.  

Additional clusters included proteasome-related proteins (PSMs), enzymes 

involved in central carbon metabolism and glycolysis, and proteins associated with 

aminoacyl-tRNA biosynthesis. Cytoskeletal-related proteins formed smaller, distinct 

interaction groups. Several nodes appear as isolated nodes, suggesting limited connectivity 

within the network. 

Overall, the PPI network highlights enrichment of pathways associated with 

translation, metabolism, and cytoskeletal organisation among proteins significantly 

downregulated under heat stress conditions.  
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Figure 3.3-4: Protein-protein interaction network, generated using STRING database, of 

proteins significantly downregulated in heat-stressed IPEC-J2 cells compared to cells 

maintained at optimal temperature. Nodes represent individual proteins and edges represent 

known or predicted interactions. The network was generated using high-confidence interaction 

score (0.7) and shows significant enrichment (PPI enrichment p-value <1.0e-16). Proteins are 

grouped into clusters based on functional enrichment and interaction strength. Major clusters 

include proteins involved in translation and protein synthesis, proteasome-associated pathways, 

central carbon metabolism and glycolysis, aminoacyl-tRNA biosynthesis, cytoskeletal organisation, 

and the calpain complex. 
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Pathway enrichment analysis was performed to identify cellular pathways and functions 

associated with downregulated proteins in heat-stressed IPEC-J2 cells compared to control 

cells maintained at optimal temperature. Pathways were visualised according to 

significance and gene count, with enrichment assessed using adjusted false discovery rate 

(FDR). Pathways in Figure 3.3-5 are divided into four different groups; KEGG pathways 

(A), Cellular component enrichment (B), Biological process enrichment (C), and 

Molecular function enrichment (D). 

Proteomic analysis of IPEC-J2 cells heat stressed at 42°C for 24 h revealed 

significant downregulation of pathways associated with protein synthesis, RNA processing, 

and cellular metabolism. KEGG pathway enrichment (Figure 3.3-5 A) identified 

suppression of the proteasome and RNA transport pathways, alongside metabolic pathways 

including carbon metabolism and glycolysis/gluconeogenesis. GO biological process 

analysis (Figure 3.3-5 C) demonstrated enrichment of downregulated terms related to 

translation, gene expression, and peptide biosynthetic processes, indicating reduced protein 

synthesis. Consistent with this, GO molecular function analysis (Figure 3.3-5 D) showed 

decreased enrichment of translation initiation factor activity, RNA binding, and 

ribonucleoprotein complex binding. Additionally, pathways associated with cytoskeletal 

protein binding and actin filament binding were reduced suggesting alterations in cellular 

structural organisation. GO cellular component analysis (Figure 3.3-5 B) further supported 

these findings, with downregulated proteins predominantly localised to cytoplasm, 

intracellular organelles, and ribonucleoprotein complexes. 
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Figure 3.3-5: KEGG and Gene Ontology (GO) enrichment analysis of differentially expressed 

proteins downregulated in IPEC-J2 cells under heat stress. Bubble plots show enrichment of 
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(A) KEGG pathways, (B) cellular components, (C) biological processes, and (D) molecular 

functions. The x-axis represents -log (FDR), bubble size indicated gene count, and colour 

represents FDR. 
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A list of 10 significantly downregulated proteins in response to heat stress was generated (p 

≤ 0.05) (Table 3.3-2). Tax1-binding protein 3 (TAXBP3) showed a significant decrease 

(2.8) in heat-stressed cells. Envoplakin and plakophilin, were downregulated with fold 

decreases of 2.8 and 2.8, respectively, both of which are associated with cellular structural 

organisation. Additional proteins showing reduced abundance included prefoldin subunit 3, 

serine/threonine-protein phosphatase 2A regulatory subunit A beta isoform, galectin-4, and 

insulin-degrading enzyme, with fold changes of 2.8 and 2.7, respectively. Proteins involved 

in mitochondrial and signalling processes, including cytochrome b-c1 complex subunit 1 

(2.7-fold), protein phosphatase 1G (2.7-fold) and eIF-2-alpha kinase activator GCN1 (2.6-

fold), were also downregulated.  

These proteins are primarily associated with cytoskeletal organisation, cell 

adhesion, intracellular signalling, metabolic processes, and regulation of protein synthesis, 

suggesting a coordinated suppression of structural integrity, cellular signalling pathways, 

and energy metabolism under heat stress conditions.  
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Table 3.3-2: Differentially expressed proteins identified in IPEC-J2 cells heat stressed at 42°C 

for 24 h- The table includes protein name, number of unique peptides, mean normalised abundance 

for each group (n = 3), fold change, direction of change, and protein-level ANOVA p-value. 

Proteins were filtered based on a peptide count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤ 

0.05.  

Protein 

Description 

Unique 

Peptides 

Mean 

Abundance 

(37°C Con) 

Mean 

Abundance 

(42°C Con) 

Fold 

Change 
Direction 

ANOVA 

p-value 

Tax1-binding 

protein 3 
2 3388158 1211960 2.8 Down 0.0044 

Envoplakin 3 1623393 214623 2.8 Down 0.0013 

Plakophilin-2 2 372203 134791 2.8 Down 0.0232 

Prefoldin 

subunit 3 
2 639343 232228 2.8 Down 0.000175 

Serine/threonine-

protein 

phosphatase 2A 

65kDa 

regulatory 

subunit A beta 

isoform 

2 917832 338182 2.7 Down 0.0190 

Galectin-4 3 2010386 747351 2.7 Down 0.00519 

Insulin-

degrading 

enzyme 

2 413981 154771 2.7 Down 0.00204 

Cytochrome b-c 

1 complex 

subunit 1, 

mitochondrial 

4 1171011 442643 2.7 Down 0.00298 

Protein 

phosphatase 1G 
3 1528325 575304 2.7 Down 0.00441 

eIF-2-alpha 

kinase activator 

GCN1 

2 238531 126010 2.6 Down 0.00539 
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Pathway enrichment analysis of proteomic data revealed distinct patterns of upregulated 

and downregulated pathways in IPEC-J2 cells exposed to 42°C for 24 h, compared to cells 

that were maintained at optimal temperature of 37°C. Proteins upregulated under heat 

stress were primarily enriched in pathways related to protein folding, molecular chaperone 

activity, and ER function, including protein processing in the ER. Enrichment was also 

observed for pathways associated with intracellular transport and cellular localisation. In 

contrast, proteins downregulated in heat-stressed cells were enriched in pathways involved 

in central metabolism, protein synthesis, and gene expression, including glycolysis, 

translation, peptide biosynthesis, RNA transport, and proteasome-related pathways.  
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3.3.2 Differential protein expression between heat-stressed IPEC-J2 cells 

treated with Organic Se-A compound compared to untreated heat-

stressed control cells  

Quantitative proteomic analysis was performed to assess the effects of Organic Se-A 

treatment on IPEC-J2 cells under heat stress conditions by comparing treated cells exposed 

to 42°C with untreated heat-stressed control cells. A total of 188 proteins were identified in 

this comparison. Proteins were filtered based on a peptide count ≥ 2, a maximum fold 

change ≥ 1.5, and a p-value ≤ 0.05, which reduced the number of proteins to 6. Of these six 

proteins, three were significantly upregulated and three were significantly downregulated 

in 42°C cells treated with Organic Se-A (p ≤ 0.05) (Table 3.3-3). The number of proteins 

detected in this comparison is substantially fewer than the other treatment comparisons. 

The reason for this is unclear and may reflect a combination of biological and technical 

factors. A complete list of the proteins identified in this comparison is provided in 

Appendix Table 6.3-2.  

Of the three significantly upregulated proteins, heat shock 70 kDa protein 1B 

(HSP70) (p = 0.00437), thioredoxin reductase 1 (TrxR1) (p = 0.00164) both showed a 2.1-

fold increase in abundance, while matrin-3 exhibited a 1.7-fold increase. The upregulation 

of HSP70 is consistent with its established role in the heat shock response, whereas TrxR1 

is a Se-dependent SelP which is a key component of the cellular antioxidant defence 

system. Matrin-3 participates in nuclear structure and stress-response pathways, was also 

moderately upregulated suggesting involvement in cellular adaptation to stress conditions. 

In contrast, the three significantly downregulated proteins included peptidyl-prolyl 

cis-trans isomerase FKBP4 (p = 0.00326), talin-1 isoform X1 (p = 0.000313), and beta-

hexosaminidase subunit alpha precursor (p = 0.000142). Peptidyl-prolyl cis-trans 

isomerase FKBP4 showed the greatest reduction, with a fold decrease of 3.4, while both 

talin-1 and beta-hexosaminidase subunit alpha precursor showed a fold decrease of 1.5. 

FKBP4 functions as a co-chaperone involved in protein folding, while talin-1 is associated 

with cytoskeletal organisation and cell adhesion and beta-hexosaminidase participates in 

lysosomal metabolism.  

Due to the limited number of significantly expressed proteins and the lack of strong 

functional overlap between them, STRING PPI and pathway enrichment analysis did not 

identify significantly enriched KEGG pathways or GO terms for either the upregulated or 

downregulated protein sets. These results indicate that treatment with Organic Se-A under 
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heat stress conditions results in the selective alterations to the abundance of a small number 

of proteins rather than a broad pathway level modulation of the heat-stress proteomic 

response. 

 

Table 3.3-3: Differentially expressed proteins identified in IPEC-J2 cells treated with Organic 

Se-A, compared to untreated heat-stress cells- The table includes protein name, number of 

unique peptides, mean normalised abundance for each group (n = 3), fold change, direction of 

change, and protein-level ANOVA p-value. Proteins were filtered based on a peptide count ≥ 2, a 

maximum fold change ≥ 1.5, and a p-value ≤ 0.05. 

Protein 

Description 

Unique 

Peptides 

Mean 

Abundance 

(42°C Con) 

Mean 

Abundance 

(42°C 

Organic 

Se-A) 

Fold 

Change 
Direction 

ANOVA 

p-value 

Heat shock 70 

kDa protein 1B 
2 59275 125659 2.1 Up 0.00437 

Thioredoxin 

reductase 1, 

cytoplasmic 

4 759233 1573467 2.1 Up 0.00164 

Matrin-3, 

isoform X1 
2 213867 355631 1.7 Up 0.02612 

Peptidyl-prolyl 

cis-trans 

isomerase 

FKBP4 

2 1653407 484806 3.4 Down 0.00326 

Talin-1 isoform 

X1 
2 1031610 690755 1.5 Down 0.000313 

Beta-

hexosaminidase 

subunit alpha 

precursor 

2 1270533 868836 1.5 Down 0.000142 
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3.3.3 Differential protein expression between heat-stressed IPEC-J2 cells 

treated with Inorganic Se (E) compound compared to untreated 

heat-stressed control cells 

To determine whether treatment with Inorganic Se (E) for 24 h modified the proteomic 

response of IPEC-J2 cells to heat stress, quantitative proteomic analysis was performed 

comparing inorganic Se-treated heat-stressed cells to untreated heat-stressed control cells. 

A total of 787 proteins were detected across all samples. Proteins were filtered based on a 

peptide count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤ 0.05. Application of 

these criteria reduced the number of proteins in further analysis to 180. Of these, 47 were 

upregulated, and 133 proteins downregulated in Se-treated cells exposed to 42°C, relative 

to untreated cells heat stressed at 42°C. The distribution of significantly upregulated and 

downregulated proteins in Inorganic Se (E)-treated heat-stressed cells is visualised in a 

volcano plot (Figure 3.3-6). 

 

Figure 3.3-6: Volcano plot illustrating protein expression between IPEC-J2 cells treated with 

Inorganic Se (E) for 24 h prior to being heat stressed at 42°C for 24 h and untreated IPEC-J2 

cells heat stressed for 24 h. The x-axis represents log2(fold change), and the y-axis represents -

log10(p-value). Significantly upregulated proteins are shown in blue, significantly downregulated 

proteins are highlighted in orange and grey dots represent non-significant proteins. Horizontal and 

vertical dashed lines indicate the applied significance thresholds (p-value ≤ 0.05, and log2FC ≥ 

0.585). 

  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-6 -4 -2 0 2 4 6 8

-lo
g 1

0(
p-

va
lu

e)

log2FC

Upregulated Downregulated Not Significant



86 
 

3.3.3.1 STRING analysis on upregulated protein in heat-stressed IPEC-J2 cells treated 

with Inorganic Se (E) for 24 hours compared to untreated heat-stressed control 

cells 

STRING PPI analysis of proteins upregulated in IPEC-J2 cells treated with Inorganic Se 

(E) for 24 h prior to being heat stressed at 42°C for a further 24 h, were compared to 

untreated cells that were heat stressed for 24 h. The resulting interaction map (Figure 3.3-

7) identified several functionally connected clusters associated with protein folding, 

metabolism, and cellular stress responses. 

The most prominent cluster, consisted of proteins involved in ATP-dependent protein 

folding chaperone activity, and the chaperonin-containing T complex, including HSPA8, 

TCP1, CCT3, and CCT6B.A second cluster consisting of PGK1, ALDOA, and LDHB was 

associated with glycolysis/gluconeogenesis, suggesting modulation of cellular energy 

metabolism under heat stress conditions. Another prominent cluster contained proteins, 

involved in double-strand break repair via break-induced replication and the CMG 

complex, such as MCM2, MCM3, and MCM5.  
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Figure 3.3-7: Protein-protein interaction network of proteins upregulated in IPEC-J2 cells 

exposed to heat stress at 42°C for 24 hours, with Inorganic Se (E) supplementation- Nodes 

represent individual proteins, and edges indicate predicted or known protein-protein interactions. 

The network was generated using high-confidence interaction score (0.7) and shows significant 

enrichment (PPI enrichment p-value of 1.45e-06). Proteins are grouped into functional clusters 

based on interaction networks with colours indicating distinct clusters. Major clusters include 

proteins associated with ATP-dependent protein folding and chaperone complexes, 

glycolysis/gluconeogenesis, DNA replication and repair (MCM complex), and translation initiation. 

Lone nodes represent proteins with no known interactions within the dataset. 
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Pathway enrichment analysis was performed to identify cellular pathways and functions 

associated with upregulated proteins in heat-stressed IPEC-J2 cells treated with Inorganic 

Se (E) compound compared to untreated cells heat stressed at 42°C. Pathways were 

visualised according to significance and gene count, with enrichment assessed using 

adjusted false discovery rate (FDR). Pathways were divided into KEGG pathways (A), GO 

Cellular component enrichment (B), GO Biological process enrichment (C), and GO 

Molecular function enrichment (D), Figure 3.3-8.  

KEGG pathway enrichment indicated that cells treated with inorganic Se under heat 

stress conditions is associated with an increased abundance of proteins involved DNA 

replication, cell cycle activity, as well as central carbon metabolism and hypoxia related 

signalling. Compared to heat stress alone, treatment with inorganic Se induces cell cycle 

and metabolic pathways. GO enrichment of cellular component demonstrated proteins are 

enriched in components including cytosol/cytoplasm, intracellular anatomical structure, 

CMG and MCM complexes, chaperonin-containing T-complex, protein containing 

complex, and eukaryotic translation initiation complexes. This indicates an increased 

abundance of replication and translation-related complexes in inorganic Se treated cells. 

Analysis indicated enriched GO biological processes include DNA replication, DNA 

replication initiation, DNA unwinding, and protein folding, demonstrating an enhanced 

regulation of genome maintenance and replication-associated stress responses, alongside 

continued engagement of protein folding pathways. Molecular function enriched pathways 

reflect increased activity of energy-dependent pathways, and DNA replication machinery, 

with pathways including ATP-dependent protein folding chaperone activity, ATP binding 

and ATP hydrolysis activity, small molecule and nucleotide binding, and helicase activity.  

  



89 
 

 

Figure 3.3-8: KEGG and Gene Ontology (GO) enrichment analysis of differentially expressed 

proteins upregulated in IPEC-J2 cells supplemented with Inorganic Se (E) under heat stress. 

Bubble plots show enrichment of (A) KEGG pathways, (B) cellular components, (C) biological 

processes, and (D) molecular functions. The x-axis represents -log (FDR), bubble size indicated 

gene count, and colour represents FDR. 
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3.3.3.2 STRING analysis on downregulated protein in heat-stressed IPEC-J2 cells treated 

with Inorganic Se (E) for 24 hours compared to untreated heat-stressed control 

cells 

PPI analysis of proteins downregulated in IPEC-J2 cells supplemented with Inorganic Se 

(E) prior to exposure to heat stress (42°C) revealed moderately connected interaction 

network comprising several distinct functional clusters. The network demonstrated 

interactions between proteins involved in translation and protein synthesis, cytoskeletal 

organisation, and intracellular transport (Figure 3.3-9). 

A prominent cluster included proteins associated with translation elongation and 

ribosome-associated processes, including EE1A1, EEF1D, and EEF1GIn addition, a 

cluster centred around cytoskeletal and structural proteins, such as ACTB, ACTN4, and 

ITGB1, suggesting alterations in cytoskeletal organisation and cell structural integrity.  

Proteins involved in protein folding and stress responses, including HSP90 family 

members, were also present within interconnected clusters, alongside proteins associated 

with ER and protein processing functions. Several smaller clusters and isolated nodes were 

observed, representing proteins with limited or unknown interactions within the dataset. 

Overall, the PPI network highlights the presence of multiple functionally related 

groups of downregulated proteins, indicating that Inorganic Se (E) supplementation prior 

to heat stress is associated with changes in pathways related to protein synthesis, 

cytoskeletal organisation, and intracellular transport.  
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Figure 3.3-9: Protein-protein interaction network of proteins downregulated in IPEC-J2 cells 

supplemented with Inorganic Se (E) and subsequently exposed to heat stress (42°C), 

compared to untreated heat-stressed cells- Nodes represent individual proteins, while edges 

indicate known or predicted functional interactions between proteins. The network was generated 

using high-confidence interaction score (0.7) and shows significant enrichment (PPI enrichment p-

value 1.35e-07).  Proteins are organised into distinct clusters based on interaction patterns, with 

different colour representing separate functional groups. Prominent clusters include proteins 

associated with translation elongation (EEF1A1, EEF1D, EEF1G), cytoskeletal organisation 

(ACTB, ACTN4) and protein folding or stress-related processes (HSP90 family proteins). 

Additional clusters include proteins involved in ER function, metabolic processes, and cell 

signalling pathways. Disconnected nodes correspond to proteins with no identified interactions 

within the dataset.  
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Pathway enrichment analysis was performed to identify cellular pathways and functions 

associated with downregulated proteins in heat-stressed IPEC-J2 cells treated with 

inorganic Se compound compared to untreated cells heat stressed at 42°C. Pathways were 

visualised according to significance and gene count, with enrichment assessed using 

adjusted false discovery rate (FDR). Pathways were divided into KEGG pathways (A), GO 

Cellular component enrichment (B), GO Biological process enrichment (C), and GO 

Molecular function enrichment (D), Figure 3.3-10.  

KEGG pathway analysis (Figure 3.3-10 A) revealed a significant enrichment of 

pathways associated with leukocyte trans-endothelial migration, TJs, and protein 

processing in the ER, in addition to broader metabolic pathways including carbon 

metabolism and phagosome pathways. GO cellular components (Figure 3.3-110 B) 

demonstrated enrichment of proteins associated with intracellular structures, including the 

cytoplasm, intracellular organelles, membrane-bound organelles, and cytoskeletal 

components. Enrichment was also observed for cell-cell junctions and cytoplasmic 

vesicles. GO biological process analysis (Figure 3.3-10 C) indicated significant enrichment 

of processes related to cytoskeleton organisation, actin filament-based processes, and actin 

cytoskeleton organisation, as well as supramolecular fibre and organelle organisation. GO 

molecular function (Figure 3.3-10 D) showed enrichment of functions such as calcium-

dependent protein binding, cytoskeletal protein binding, ion binding, actin filament, and 

protein-containing complex binding, alongside nucleotide-binding activities.  

Collectively, these results demonstrate that proteins downregulated following 

Inorganic Se (E) supplementation under heat stress conditions are associated with 

pathways involved in cytoskeletal organisation, cellular structure, and intracellular 

organisation.  
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Figure 3.3-10: KEGG and Gene Ontology (GO) enrichment analysis of differentially 

expressed proteins downregulated in IPEC-J2 cells supplemented with Inorganic Se (E) 

under heat stress. Bubble plots show enrichment of (A) KEGG pathways, (B) cellular 

components, (C) biological processes, and (D) molecular functions. The x-axis represents -log 

(FDR), bubble size indicated gene count, and colour represents FDR. 
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3.3.4 Differential protein expression between heat-stressed IPEC-J2 cells 

treated with vitamin E compound compared to untreated heat-

stressed control cells 

Quantitative analysis was carried out to determine if IPEC-J2 cells treated with vitamin E 

for 24 h prior to being heat stressed at 42°C for 24 h, altered the proteomic response of 

cells in response to heat stress. A total of 750 proteins were identified in heat-stressed cells 

treated with vitamin E compared to untreated heat-stressed cells. Proteins were filtered 

based on a peptide count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤0.05. 

Application of these criteria reduced the number of proteins in further analysis to 165. Of 

these, 49 were upregulated in cells treated with vitamin E while 116 were downregulated in 

treated cells, compared to control heat-stressed cells. Protein-protein interaction analysis 

using STRING database was carried out on upregulated and downregulated proteins, 

respectively. Pathway enrichment analysis was used to determine pathways that were 

significantly upregulated and downregulated based on the protein-protein interactions. 

 

3.3.4.1 STRING analysis on upregulated proteins in heat-stressed IPEC-J2 cells treated 

with vitamin E for 24 hours compared to untreated heat-stressed control cells 

PPI analysis of upregulated protein in heat-stressed cells treated with vitamin E compared 

to untreated heat-stressed cells was performed using STRING database. The resulting 

interaction showed limited overall connectivity, with a small central cluster of interacting 

proteins and several nodes displaying no interactions with the main network (Figure 3.3-

11). The single defined interaction cluster consisted of three proteins elongation factor 2 

(EEF2), proliferation associated protein 2G4 (PA2G4), and SERPINE1 mRNA binding 

protein (SERBP1). These proteins formed a small but connected subnetwork within a 

sparsely connected network. Aside from this cluster, the remaining proteins identified in 

this comparison showed limited or no interactions and were present as isolated nodes 

within this STRING network.  
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Figure 3.3-11: Protein-protein interaction network of proteins upregulated in IPEC-J2 cells 

supplemented with vit E and subsequently exposed to heat stress (42°C), compared to 

untreated heat-stressed cells- Nodes represent individual proteins, and edges indicated known or 

predicted functional associations between proteins. The network was generated using high-

confidence interaction score (0.7) and PPI enrichment analysis yielded a p-value of 0.824, 

indicating that network connectivity was not greater than expected. Proteins are grouped into 

clusters based on interaction patterns, with colours representing distinct functional groupings. The 

primary cluster identified includes proteins associated with translation-related processes, including 

EEF2, PA2G4, and SERBP1. Disconnected nodes represent proteins with no known interactions 

within this dataset.  
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STRING enrichment analysis of proteins upregulated in IPEC-J2 cells treated with vitamin 

E under heat stress identified significant enrichment only within the GO Cellular 

Component category (Figure 3.3-12). Enriched cellular components included cytoplasm, 

intracellular anatomical structures, and intracellular organelles. No significant enrichment 

was observed for KEGG pathways, GO biological processes, or GO molecular functions. 

 

 

Figure 3.3-12: KEGG and Gene Ontology (GO) enrichment analysis of differentially 

expressed proteins upregulated in IPEC-J2 cells supplemented with vit E under heat stress. 

Bubble plots show enrichment of cellular components . The x-axis represents -log (FDR), bubble 

size indicated gene count, and colour represents FDR. 
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3.3.4.2 STRING analysis on downregulated proteins in heat-stressed IPEC-J2 cells 

treated with vitamin E for 24 hours compared to untreated heat-stressed control 

cells 

STRING database was used to perform PPI analysis to examine relationships between 

proteins that were significantly downregulated in vitamin E treated IPEC-J2 cells exposed 

to 42°C for 24 h, compared to untreated heat-stressed cells (p ≤ 0.05). The resulting 

interaction network revealed multiple distinct clusters, indicating coordinated 

downregulation across multiple biological processes, shown in Figure 3.3-13.  

The largest cluster, included glycolytic enzymes, indicating reduced abundance of 

key metabolic components. A second cluster comprised proteins associated with antigen 

processing and the HSP90 chaperone cycle can also be observed.  Additional clusters were 

associated with the chaperonin-containing T-complex, and ATP-dependent protein folding 

chaperone activity, while another cluster included components of the proteasome and 

pathways related to cross-presentation of soluble exogenous antigens. Smaller clusters 

were also observed including proteins involved in translation elongation factor activity, 

VEGF-mediated vascular permeability, catenin complex formation, ISG15 antiviral 

mechanisms, and tubulin-related structural domains. 
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Figure 3.3-13: Protein-protein interaction network of proteins downregulated in IPEC-J2 

cells supplemented with Vit E and subsequently exposed to heat stress (42°C), compared to 

untreated heat-stressed cells- Nodes represent individual proteins, and edges indicated known or 

predicted functional associations between proteins. The network was generated using high-

confidence interaction score (0.7) and shows significant enrichment (PPI enrichment p-value 1.65e-

14).  Proteins are grouped into clusters based on interaction patterns, with colours representing 

distinct functional groupings. Prominent clusters include proteins associated with glycolysis 

(PGK1, GAPDH), mitochondrial function and ATP synthesis (ATP5F1A, ATP6V1B2, MDH2), 

protein folding and ER processes (HSP90 family members, PDIA6, CALR), and cytoskeletal 

organisation (ACTB, ACTN4) Additional clusters include proteins involved in proteasome activity, 

immune-related pathways, and translation-related processes. Disconnected nodes represent proteins 

with limited or no known interactions within the dataset.  
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Pathway enrichment analysis was performed on proteins that were significantly 

downregulated in vitamin E treated IPEC-J2 cells exposed to 42°C compared with 

untreated cells heat stressed at 42°C.Pathways were visualised according to significance 

and gene count, with enrichment assessed using adjusted false discovery rate (FDR). 

Pathways were divided into KEGG pathways (A), GO Cellular component enrichment (B), 

GO Biological process enrichment (C), and GO Molecular function enrichment (D), Figure 

3.3-14. 

KEGG pathway enrichment (Figure 3.3-14 A) analysis revealed significant 

downregulation of protein processing in the ER, which showed the highest level of 

enrichment among the KEGG pathways. Additional pathways included ones associated 

with neurodegeneration related categories, as well as pathways related to antigen 

processing and presentation, phagosome formation, adherens junction, and Salmonella 

infection. 

GO biological process (Figure 3.3-14 C) analysis demonstrated that downregulated 

proteins were significantly enriched in processes related to protein folding, protein 

stabilisation, ATP metabolic processes, purine ribonucleotide and ribonucleoside 

triphosphate metabolism, and cytoskeleton organisation including actin filament-based 

processes. Enrichment was also observed for processes associated with cellular responses 

to chemical and organic substances. 

Cellular component enrichment analysis (Figure 3.3-14 B) indicated that 

downregulated proteins were predominantly localised to the cytoplasm, intracellular 

anatomical structures and intracellular organelles, with additional enrichment in structures 

related to the cytoskeleton, supramolecular fibres, and the chaperonin containing T-

complex. Molecular function (Figure 3.3-14 D) enrichment further identified reduced 

abundance of proteins involved in small molecule binding, anion binding, nucleotide and 

purine ribonucleotide binding, unfolded protein binding, and ATP-dependent activities. 
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Figure 3.3-14: KEGG and Gene Ontology (GO) enrichment analysis of differentially 

expressed proteins downregulated in IPEC-J2 cells supplemented with Vit E under heat 

stress. Bubble plots show enrichment of (A) KEGG pathways, (B) cellular components, (C) 

biological processes, and (D) molecular functions. The x-axis represents -log (FDR), bubble size 

indicated gene count, and colour represents FDR. 
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3.3.5 Differential protein expression between heat-stressed IPEC-J2 cells 

treated with vitamin C compound compared to untreated heat-

stressed control cells 

A total of 977 proteins were identified from quantitative analysis comparing IPEC-J2 cells 

treated with vitamin C prior to being exposed to heat stress at 42°C with untreated heat-

stressed control cells. Data was filtered based on a peptide count ≥ 2, a maximum fold 

change ≥ 1.5, and a p-value ≤ 0.05. Application of these criteria reduced the number of 

proteins in further analysis to 386, with 161 of them being significantly upregulated while 

225 were downregulated in vitamin C treated heat-stressed cells. A volcano plot showing 

the distribution of significantly upregulated and significantly downregulated proteins is 

shown in Figure 3.3-15. 

 

 

Figure 3.3-15: Volcano plot illustrating protein expression between IPEC-J2 cells treated with 

vit C for 24 h prior to being heat stressed at 42°C for 24 h and untreated IPEC-J2 cells heat 

stressed for 24 h. The x-axis represents log2(fold change), and the y-axis represents  -log10(p-

value). Significantly upregulated proteins are shown in blue, significantly downregulated proteins 

are highlighted in orange and grey dots represent non-significant proteins. Horizontal and vertical 

dashed lines indicate the applied significance thresholds (p-value ≤ 0.05, and log2(FC) ≥ 0.585). 
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3.3.5.1 STRING analysis on upregulated proteins in heat-stressed IPEC-J2 cells treated 

with vitamin C for 24 hours compared to untreated heat-stressed control cells 

STRING database was used to determine PPIs on significantly upregulated proteins in 

42°C cells treated with vitamin C compared with untreated 42°C control cells (peptide 

count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤ 0.05). The resulting interaction 

map (Figure 3.3-16) identified a high degree of connectivity between proteins with 

multiple clusters of interacting proteins observed. 

The largest most prominent cluster, highlighted in red, was enriched with proteins 

associated with translational initiation, ribosomal scanning and start codon recognition, 

including multiple translation initiation factors indicating upregulation of translation-

related machinery. A second cluster, highlighted in orange, comprised of proteins involved 

in the U2-type precatalytic spliceosome and spliceosomal snRNP complexes.  

Additional clusters included proteins involved with DNA replication, proteasome 

function and cross-presentation of exogenous antigens, and glycolysis/gluconeogenesis. 

Smaller clusters were also observed, including proteins associated with ligase activity and 

purine biosynthesis, intracellular steroid hormone receptor signalling, and VCB complex 

formation. Individual proteins related to aminoacyl-tRNA synthetase activity and 

chaperonin-containing T-complex function were also observed. 

Overall, the STRING network demonstrates that vitamin C treatment under heat 

stress conditions is associated with upregulation of multiple protein clusters related to 

translation, RNA processing, DNA replication, protein turnover, and central metabolic 

pathways. 
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Figure 3.3-16: STRING protein-protein interaction network of proteins significantly 

upregulated in vitamin C treated cells at 42°C compared with untreated heat-stressed control 

cells- Nodes represent proteins and edges indicate known or predicted interactions. The network 

was generated using high-confidence interaction score (0.7) and shows significant enrichment (PPI 

enrichment p-value 1.64e-10). Functional clustering highlights enrichment of translation initiation, 

RNA splicing, DNA replication, proteasome activity, and glycolysis-related protein groups. 
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Pathway enrichment analysis of proteins significantly upregulated in IPEC-J2 cells treated 

with vitamin C under heat stress revealed significant upregulation of pathways related to 

KEGG, and GO terms cellular component, biological processes, and molecular function 

(Figure 3.3-17).  

KEGG pathway (A) enrichment analysis demonstrated a significant upregulation of 

pathways associated with RNA transport, spliceosome function, proteasome activity, and 

DNA replication. GO analysis revealed enrichment of biological processes (C) related to 

translational initiation, gene expression, and ribonucleoprotein complex organisation. GO 

cellular component (B) identified that upregulated proteins were primarily localised to 

intracellular compartments, including the cytoplasm, cytosol, nucleus, and translation 

initiation complexes. GO molecular function enrichment (D) further indicated increased 

protein binding, RNA binding, and translation initiation factor activity.  
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Figure 3.3-17: Pathway enrichment of proteins significantly upregulated in vitamin C treated 

IPEC-J2 cells at 42°C compared with untreated control cells at 42°C- Enriched KEGG 

pathways (A) and GO cellular components (B), biological processes (C), and molecular function 

(D) categories are shown. Bubble size represents the number of proteins associated with each term, 

and colour indicates false discovery rate (FDR). 
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3.3.5.2 STRING analysis on downregulated proteins in heat-stressed IPEC-J2 cells 

treated with vitamin C for 24 hours compared to untreated heat-stressed control 

cells 

PPI analysis on significantly downregulated proteins in 42°C cells treated with vitamin C 

compared with untreated 42°C control cells (peptide count ≥ 2, a maximum fold change ≥ 

1.5, and a p-value ≤ 0.05) revealed several densely connected protein groups, indicating 

coordinated downregulation of related biological processes (Figure 3.3-18). 

A prominent cluster was centred around cytoskeletal and actin-associated proteins 

including ACTB, ACTN4, and ITGA2, which formed highly connected hub with multiple 

interacting partners. Additional clusters included proteins associated with metabolic 

processes, including glycolysis and mitochondrial function such as PGK1, GAPDH, and 

enzymes involved in the tricarboxylic acid (TCA) cycle. 

Proteins involved in protein folding and stress response pathways were also 

observed within clustered regions, including molecular chaperones such as HSP90 family 

members and co-chaperone proteins. Furthermore, clusters related to RNA processing and 

translation were identified, including ribosomal proteins and RNA-binding factors, 

indicating coordinated regulation of protein synthesis-related pathways.  

Smaller clusters and isolated nodes were also present, representing proteins with 

fewer or no known interactions within the dataset. Overall, the PPI network demonstrated 

that Vit C supplementation under heat stress conditions is associated with the coordinated 

downregulation of proteins involved in cytoskeletal organisation, metabolism, protein 

folding, and RNA processing.  
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Figure 3.3-18: STRING protein-protein interaction network of proteins significantly 

downregulated in vitamin C treated cells at 42°C compared with untreated heat-stressed 

control cells- Nodes represent proteins and edges indicate known or predicted interactions. The 

network was generated using high-confidence interaction score (0.7) and shows significant 

enrichment (PPI enrichment p-value 5.01e-12). Proteins are organised into distinct clusters with 

prominent clusters including proteins involved in cytoskeletal organisation (ACTB, ACTN4), 

metabolic processes, protein folding and stress response (HSP90 family members), and RNA 

processing and translation. Disconnected nodes represent proteins with limited or no known 

interactions within the dataset.  
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Functional enrichment analysis of proteins significantly downregulated in IPEC-J2 cells 

supplemented with vitamin C under heat stress identified several significantly enriched 

KEGG pathways and GO terms (Figure 3.3-19). 

KEGG pathway analysis (A) revealed enrichment of pathways associated with 

protein processing in the ER, carbon metabolism, and phagosome pathways, as well as 

regulation of actin cytoskeleton alongside enrichment in glycolysis/gluconeogenesis, 

ribosome, and spliceosome pathways. GO cellular component analysis (B) indicated 

enrichment of intracellular structures, including cytoplasm, intracellular organelles, 

membrane-bound organelles, and cytoskeletal components. GO biological process analysis 

(C) highlighted enrichment of processes associated with cytoskeletal organisation, actin 

filament-based processes, and cellular components. GO molecular function analysis (D) 

revealed enrichment of functions including actin filament binding, structural molecule 

activity, nucleotide binding, and small molecule binding. 
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Figure 3.3-19: Pathway enrichment of proteins significantly downregulated in vitamin C 

treated IPEC-J2 cells at 42°C compared with untreated control cells at 42°C- Enriched KEGG 

pathways (A) and GO cellular components (B), biological processes (C), and molecular function 

(D) categories are shown. Bubble size represents the number of proteins associated with each term, 

and colour indicates false discovery rate (FDR). 
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3.4 Across all the supplementation treatments, including Se and vitamins (E and C), a 
consistent pattern of protein expression changes was observed in response to heat 
stress. Functional and PPI analyses indicated that heat stress predominantly affected 
pathways related to protein processing in the ER, cytoskeletal organisation, and 
metabolic processes. Supplementation appeared to modulate these responses, with 
evidence of coordinated changes in proteins associated with cellular stress responses, 
protein folding, and intracellular organisation. 
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4 Discussion 
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Heat stress has emerged as an increasing concern within agriculture and livestock 

production, largely driven by rising global temperatures and an increased frequency of 

extreme heat events. Exposure to elevated temperatures adversely affects animal health, 

productivity, and reproduction resulting in significant economic losses worldwide (Bahar 

et al., 2020; Tullo et al., 2019). In recent years, growing research efforts focused on 

understanding the underlying effects of heat stress on animals, with in vitro models utilised 

to investigate stress responses under controlled conditions (Cui et al., 2022; J. Tang et al., 

2019; Zhou et al., 2020). Attention has been directed towards identifying nutrition-based 

strategies aimed at mitigating heat-induced damage and improving thermotolerance in 

animals, specifically homeothermic animals.  

The present study investigated the effects of heat stress on relative IPEC-J2 cell 

metabolic activity, and stress protein expression using a swine intestinal cell line. It also 

evaluated whether treatment with organic Se, inorganic Se, and vitamin compounds aided 

in the protection against heat-induced damage. This Chapter integrates key conceptual 

themes with the findings generated in the present study. 

 

4.1 Establishment and validation of an in vitro heat stress 

model using an IPEC-J2 cell line 

Heat stress represents a significant challenge in the agriculture sector, particularly the 

swine industry, largely because of the limited ability of pigs to regulate body temperature 

through evaporative cooling, i.e. sweating due to a lack of functional sweat glands. As a 

result, thermoregulatory responses, including redistribution of blood flow from internal 

core organs to peripheral tissues can compromise physiological function (Blatteis, 1998; 

Curtis, 1983). In particular, the intestinal tract is highly susceptible to heat stress, with 

disruption of epithelial integrity, leading to increased permeability and bacterial 

translocation (Fan et al., 2025). In the present study, the effects of heat stress on the 

intestinal epithelium were investigated using the IPEC-J2 cell line, a well-established in 

vitro model for investigating intestinal epithelial responses to heat stress, as these cells 

closely mimic the physiological properties of the porcine intestinal barrier (Perruchot et al., 

2026). 
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4.1.1 Effect of heat stress on relative IPEC-J2 cell metabolic activity 

A heat stress model was established by assessing IPEC-J2 cell metabolic activity in cells 

exposed to 41°C, 42°C, and 44°C for 2 h and 24 h, respectively, relative to control cells 

maintained at 37°C (Figures 3.1-1 and 3.1-2). The relative metabolic activity  was 

determined using AB reagent, with results indicating that after 2 h exposure to 41°C and 

42°C there was no significant change in cells’ metabolic activity compared to control cells 

at 37°C (p >0.05) (Figures 3.1-1 and 3.1-2). Similarly, Tang et al. observed a slight 

increase in viable IPEC-J2 cells after 12 h exposure to 41.5°C (J. Tang et al., 2019), and 

Zhou et al. demonstrated that exposure to 41°C for 24 h did not have an effect on viable 

IPEC-J2 cell growth. This observation may reflect an early adaptive response to mild heat 

stress, where cellular metabolic activity is temporarily maintained or even elevated prior to 

the onset of stress-induced damage (Zhou et al., 2020). The temperatures of 41°C and 42°C 

may not be high enough to affect relative viable cell growth as a study demonstrated that 2 

h exposure to 43°C significantly reduced viable IPEC-J2 cell count compared to control 

(Cui et al., 2022). This is consistent with this study as cells exposed to 44°C for 2 h 

resulted in a decrease in relative cell metabolic activity (Figure 3.1-1). It is important to 

note that the increase in relative viable IPEC-J2 cell growth observed at early time points 

likely reflects enhanced metabolic activity rather than a true increase in viable cell growth, 

particularly when assessed using the metabolic-based assay AB. 

In agreement with prolonged (˃2 h) or more severe heat exposure (≥41°C), the 

current study demonstrated a reduction in relative metabolic activity of IPEC-J2 cells , 

indicating the onset of cellular damage. Following 24 h heat stress, decreased metabolic 

activity was observed in cells exposed to 41°C, 42°C, and 44°C (Figure 3.1-2). These 

findings are consistent with previous studies showing that exposure of IPEC-J2 cells to 

elevated temperature (42°C for 24 h) results in reduced cell viability. This decrease in 

viability suggests that cells have entered a severe stress state in which cellular function has 

become compromised, despite a proportion of cells remaining metabolically active (S. Gao 

et al., 2026; B. Zhang et al., 2023).  

The decrease in relative metabolic activity in cells observed under heat stress 

conditions, as measured by the AB assay, reflects a reduction in cellular metabolic activity 

rather than cell number alone. The assay is based on the reduction of resazurin to resorufin 

by intracellular enzymes, primarily in the mitochondria, and therefore serves as an 

indicator for cellular metabolic function (Longhin et al., 2022; Rampersad, 2012). Heat 
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stress is known to disrupt redox homeostasis, resulting in the overproduction of reactive 

oxygen species (ROS) which leads to oxidative stress. Excessive ROS production can 

result in oxidative damage to cellular macromolecules, such as lipids, proteins, and DNA, 

thereby compromising overall cell function. Mitochondria are particularly susceptible to 

oxidative damage under heat stress conditions, with elevated ROS levels impairing 

mitochondrial membrane potential, reducing ATP production, and disrupting cellular 

energy metabolism (Aryal et al., 2025; Belhadj Slimen et al., 2014). As mitochondria are 

central to the reduction of resazurin to resorufin in the AB assay, heat stress-induced 

mitochondrial dysfunction resulting in the decreased ability of cells to metabolise the dye 

leading to reduced fluorescence signal. Together, these findings suggest that the reduction 

in relative IPEC-J2 cell metabolic activity observed in this study is likely driven by heat 

stress-induced oxidative damage, leading to impaired metabolic activity and increased 

cellular dysfunction.  

Collectively, these results demonstrate that IPEC-J2 cells exhibit a time and 

temperature dependent response to heat stress, characterised by an initial adaptive phase 

followed by a decline in metabolic activity with prolonged exposure.  

 

4.1.2 Induction of HSP70 expression in response to heat stress in IPEC-

J2 cells 

The changes in relative metabolic activity using AB assay (Figures 3.1-1 and 3.1-2) were 

further supported by the analysis of HSP70 protein expression (Figure 3.1-3). While the 

AB assay provided an indication of cellular metabolic activity in response to heat stress, 

the upregulation of HSP70 confirms the activation of an intracellular stress response. 

HSP70 functions as a molecular chaperone and is widely used as a biomarker of heat stress 

in livestock, contributing to the maintenance of protein homeostasis by regulating the 

balance between protein synthesis and degradation, while protecting cells from 

hyperthermia and other stress-related damage (AL-Jaryan et al., 2023). 

 In the present study, HSP70 expression was upregulated in IPEC-J2 cells following 

exposure to all elevated temperatures examined (41°C, 42°C, and 44°C) after both 2-hour 

and 24-hour timepoints (Figure 3.1-3). This is consistent with previous studies reporting 

increased HSP70 expression in IPEC-J2 cells (J. Tang et al., 2019) and in porcine skeletal 

muscle satellite cells (C. Gao et al., 2015) that were exposed to heat stress. Notably, 

exposure to 41°C and 42°C for 2 h did not significantly affect cells’ metabolic activity 
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compared to control cells (p >0.05) (Figure 3.1-1), despite increased HSP70 expression 

(Figure 3.1-3). This suggests that early induction of HSP70 represents a protective cellular 

response that promotes cellular adaptation under mild heat stress conditions.  

The induction of HSP70 at early stages of heat stress represents a protective 

cellular response that promotes cell survival by maintaining protein homeostasis and 

inhibiting stress-induced apoptotic pathways (G. C. Li et al., 1992). The early upregulation 

of HSP70 may therefore contribute to the maintenance of metabolic activity observed in 

this study, delaying the onset of heat stress-induced cellular dysfunction.  

Together, these findings indicate that the observed metabolic responses are closely 

associated with the activation of protective stress mechanisms, with HSP70 acting as a key 

mediator in cellular adaptation and survival under heat stress conditions.  

 

4.1.3 Effects of heat stress on IPEC-J2 cell morphology 

Phase-contrast imaging revealed no substantial morphological differences between control 

and heat-stressed IPEC-J2 cells at either 2-hour or 24-hour timepoints (Figures 3.1-4 and 

3.1-5). Cells in both conditions largely retained their characteristic epithelial morphology, 

remaining adherent and forming monolayer-like structures. The lack of clear 

morphological changes may reflect the limitations of phase-contrast microscopy, which 

primarily visualises overall cell morphology but lacks the resolution required to detect 

subtle intracellular or junctional changes. This technique is limited by low contrast 

between subcellular components and can be affected by optical artefacts, such as halo 

effects, which obscure fine structural details and reduce image resolution (Shimasaki et al., 

2024).  

While previous studies, have reported heat stress-induced structural alterations in 

the intestine, including disruption of villus organisation and TJ integrity, these changes are 

often identified at the tissue or molecular level rather than direct observation of cellular 

morphology. In IPEC-J2 models, heat stress has been shown to reduce TJ protein 

expression, such as occludin, claudins, and ZO-1, and an increase in permeability, 

indicating barrier dysfunction even in the absence of pronounced morphological changes 

(Ortega & Szabó, 2021; B. Zhang et al., 2023). 

Therefore, these results do not necessarily indicate a lack of cellular stress but 

reflects the limitations of phase-contrast imaging and heat stress responses primarily occur 
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at the molecular level before structural disruption becomes apparent. This is consistent 

with the relative metabolic activity and HSP70 data (Figures 3.1-1 to 3.1-3), suggesting 

that cells initially tolerate heat stress through adaptive responses before significant damage 

becomes apparent.  

Overall, these findings confirm that the established heat stress model successfully 

induces a physiological stress response in IPEC-J2 cells in a time and temperature-

dependent manner. 
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4.2 Effects of Se and vitamin supplementation under heat stress 

conditions 

The findings of the heat stress model (Section 3.1) provided the basis for subsequent 

investigations into the potential effects of Se and vitamin supplementation against heat 

stress-induced cellular damage (Section 3.2). To maintain homeothermy, mitigation 

strategies in pigs must focus on either reducing metabolic heat production or enhancing 

heat dissipation from the body, with studies focusing on the development of nutritional 

strategies to alleviate the effects (Santos et al., 2018). From the heat stress model results, 

the temperature of 42°C was chosen to investigate the effects of Se and vitamin 

supplementation.  

 The concentrations of Se and vitamin compounds used in this study were selected 

with reference to established dietary supplementation recommendations and previous 

literature. To improve the physiological relevance of the model, all compounds were 

subjected to an in vitro digestion procedure (Section 2.2.2) prior to exposure to IPEC-J2 

cells. According to the European Commission, no more than 0.2 ppm organic Se can be 

added to the diets of pigs (European Commission, 2019).This value was used as the basis 

for selecting the concentration of 0.2 µg/mL Se for the in vitro experiments.. However, 

direct comparisons between dietary inclusion rates and cell culture exposure concentrations 

require careful interpretation, as physiological processes such as absorption, metabolism, 

tissue distribution, and nutrient bioavailability are not represented within the IPEC-J2 

monoculture model. Also, the bioavailability and chemical speciation of Se may differ 

among organic and inorganic Se sources following digestion, potentially influencing 

cellular exposure. Previous studies have reported that the addition of Se to the diets of pigs 

can alleviate the effects of heat stress (Z. Li et al., 2025; Y. Liu et al., 2023; J. Tang et al., 

2019).  

Vitamin E and vitamin C were chosen for this study due to their well-established 

antioxidant properties, as both compounds are reported to scavenge ROS and protect cells 

from oxidative damage (Chatterjee et al., 1995; M. Traber & Packer, 1995). The National 

Research Council recommends 11-16 IU/kg as adequate levels of vitamin E for growing 

pigs (National Research Council, 2012), while there is no recommendation for vitamin C 

supplementation. Similar to the Se compounds, direct comparisons between dietary 

inclusion rates and cellular exposure concentrations warrants careful evaluation, as the 

IPEC-J2 monoculture model does not account for nutrient absorption, metabolism, or 
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systemic distribution in vivo. In the present study, an initial concentration of 250 µg/mL 

vitamin C was found to be toxic to IPEC_J2 cells (Figure 3.2-1); therefore, a toxicity assay  

was performed to determine an appropriate concentration (Figure 3.2-6).  

 

4.2.1 Effect of Se and vitamin supplementation on IPEC-J2 cell 

metabolic activity under heat stress conditions 

This study examined the effects of 24-hour and 48-hour treatment of Se and vitamin 

compounds on IPEC-J2 cells prior to being heat stressed for 2 hours and 24 hours, 

respectively. The established heat stress model was used to assess relative IPEC-J2 cell 

metabolic activity following treatment with Se and vitamin compounds using the AB 

reagent (Figures 3.2-2 to 3.2-5). As shown in the heat stress model established in this 

study, after 24 hours of heat stress, the relative viable cell growth was reduced (Figure 3.2-

2),  through reduced metabolic activity.  

The present study demonstrated that treatment with Se and vitamin compounds can 

partially mitigate heat stress-induced reductions in IPEC-J2 cell metabolic activity (Figures 

3.2-2 to 3.2-5), with the extent of protection varying depending on compound type, 

concentration, and duration of treatment and heat exposure. Consistent with the heat stress 

model, exposure to 42°C resulted in a reduction in cell metabolic activity (Figures 3.2-2 to 

3.2-5), confirming the sensitivity of IPEC-J2 cells to thermal challenge.  

Under physiological conditions, the Se compounds did not significantly alter the 

relative IPEC-J2 cell metabolic activity, indicating that cells are well tolerated to 0.2 

µg/mL of Se (p > 0.05) (Figure 3.2-1). In contrast, vitamin C at 250 µg/mL caused a 

significant  reduction (p ≤ 0.05) in metabolic activity (Figure 3.2-1) highlighting a 

potential cytotoxic effect at high concentrations. A toxicity assay was then carried out to 

determine an appropriate working concentration of vitamin C (Figure 3.2-6). This response 

can be explained by the well-characterised dual role of vitamin C as both an antioxidant 

and a pro-oxidant. At lower concentrations, vitamin C functions to protect cells from 

reactive oxygen species (ROS), whereas at higher concentrations it can interact with 

transition metals such as iron and copper, leading to the generation of additional ROS. This 

effect is primarily observed in vitro, where metal ions are more readily available, whereas 

in vivo systems tightly regulate metal availability (Kaźmierczak-Barańska et al., 2020). 

Consequently, excessive vitamin C exposure can induce apoptosis and metabolic 

disruption, as observed in the present study.  
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The toxicity assay (Figure 3.2-6) enabled the identification of a concentration (25 

µg/mL) that maintained the cells’ metabolic activity while allowing investigation of its 

potential protective effects against heat stress. At this concentration, vitamin C-treated 

IPEC-J2 cells exhibited similar metabolic activity to untreated heat-stressed cells (p = 

0.9999) (Figure 3.2-7), suggesting that vitamin C did not significantly improve metabolic 

activity under heat stressed conditions.  Nevertheless, previous studies demonstrated that 

vitamin C, at 20 µg/mL and 25 µM (4.40 µg/mL), reduces oxidative stress, apoptosis, and 

cellular damage in heat-stressed cells (Sammad et al., 2024; Yin et al., 2018), and 

contributes to the neutralisation of ROS and supporting cellular redox balance (Chatterjee 

et al., 1995; Kaidow et al., 2022). These findings emphasise that while vitamin C has the 

potential to mitigate heat stress-induced damage, its effects are highly concentration-

dependent. This is particularly important in in vitro systems, where redox balance is more 

easily disrupted and concentrations exceeding physiological thresholds may result in 

cytotoxic effects rather than protective effects.  

In comparison to the concentration-dependent effects observed for vitamin C, the 

Se compounds demonstrated a more stable and consistent profile under both physiological 

(37°C) and heat stress (42°C) conditions (Figures 3.2-1 to 3.2-5). Following heat exposure, 

cells supplemented with Se compounds exhibited numerically higher relative metabolic 

activity compared to untreated heat-stressed controls, although the extent of this response 

varied among the different Se sources.. After 24 h treatment with compounds (Figures 3.2-

2 and 3.2-3), an increase in IPEC-J2 cell metabolic activity was observed in cells 

supplemented with some of the organic Se compounds, as well as inorganic Se, although 

this effect was not consistent across all compounds. Prolonged treatment (48 h) exhibited a 

further enhancement with the IPEC-J2 cells’ metabolic activity exceeding control levels 

(37°C) following acute heat exposure (Figures 3.2-4 and 3.2-5). Previous studies in IPEC-

J2 cells have similarly reported  the protective effect of Se under heat stress conditions. For 

example, Tang et al. demonstrated that supplementation with both organic and inorganic 

Se, respectively, improved cell viability and reduced heat stress-induced inflammation and 

epithelial damage (J. Tang et al., 2019).  

Se exerts its protective effects against heat stress primarily through its incorporation 

into SelPs, such as GPx and TrxR, which function to reduce ROS and maintain cellular 

redox balance. By limiting oxidative stress, Se reduces heat-induced damage to lipids, 

proteins, and DNA, thereby preserving cellular integrity (Lee et al., 2025; Y. Zhang et al., 

2020). This is supported by the proteomic analysis which demonstrated a significant 
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upregulation of TrxR1 in cells supplemented with Organic Se-A (p =0.00164) (Table 3.3-

3), suggesting that Se supplementation influenced the cellular antioxidant response under 

heat stress conditions.  

Vitamin E-supplemented cells exhibited numerically higher metabolic activity than 

untreated heat-stressed cells, although these differences were not statistically significant (p 

> 0.05)(Figures 3.2-2 to 3.2-5). Previous studies demonstrated that vitamin E can alleviate 

heat stress-induced cellular damage by reducing ROS, preventing lipid peroxidation, and 

preserving mitochondrial function, ultimately improving cell viability in heat-stressed cell 

models (Butt et al., 2019). The improvement in higher metabolic activity observed in cells 

supplemented with vitamin E may be related to its role as a lipid-soluble antioxidant (F. 

Liu et al., 2018). Vitamin E is a lipid soluble antioxidant that intercepts lipid peroxyl 

radicals and prevents the propagation of lipid peroxidation (M. G. Traber, 2021; M. Traber 

& Packer, 1995). This is important under heat stress conditions, where increased 

production of ROS leads to membrane damage, loss of integrity, and impaired cellular 

function through oxidative damage to lipids, proteins, and DNA (B. Wang et al., 2023). By 

limiting lipid peroxidation, vitamin E preserved membrane stability and supports the 

structural integrity of cells, including intestinal epithelial cells, where maintenance of 

barrier function is critical (Kilicarslan You et al., 2024). In addition, vitamin E has been 

shown to reduce overall ROS levels and oxidative stress, thereby maintaining cellular 

redox balance and preventing oxidative damage to essential biomolecules (F. Liu et al., 

2016).  

Collectively, the findings from this study suggest that antioxidant supplementation 

was associated with treatment-dependent changes in IPEC-J2 cell metabolic activity under 

heat stress conditions.  Se compounds exhibited the most consistent responses, likely due 

to their role in enzymatic antioxidant defence system, while vitamin E-treated cells 

demonstrated higher metabolic activity that untreated heat-stress controls, possibly through 

membrane stabilisation and inhibition of lipid peroxidation. In contrast, vitamin C 

exhibited concentration-dependent effect, highlighting the importance of dose optimisation 

in in vitro systems. These results emphasise that while antioxidant strategies can improve 

cellular resilience to heat stress, within an IPEC-J2 monoculture model of direct thermal 

exposure. However, it is important to recognise that responses observed in this in vitro 

model may not directly translate to responses observed in vivo.   
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4.2.2 Effect of Se and vitamin supplementation of HSP70 in IPEC-J2 

cells under heat stress conditions 

Treatment with Se and vitamin compounds altered the heat stress-induced HSP70 response 

in IPEC-J2 cells, suggesting that these compounds influenced cellular adaptation to heat 

stress. This study demonstrated, exposure to 42°C for 24 h alone resulted in a significant 

increase in HSP70 expression (p = 0.0151) (Figure 3.2-9), indicating activation of the 

HSR. However, 24 h treatment, cells supplemented with Se compounds exhibited lower 

HSP70 expression relative to untreated heat-stressed control cells (Figure 3.2-9), despite 

these compounds being associated with higher IPEC-J2 cells metabolic activity, although 

these differences were not statistically significant  (Figures 3.2-2 to 3.2-5). These findings 

are similar to previous studies that have reported a reduction in HSP70 abundance in Se 

treated cells (Gan et al., 2013; He et al., 2022; J. Tang et al., 2019). This suggests that Se 

may alleviate cellular stress, thereby reducing the requirement for HSP70 induction, likely 

through its antioxidant role in limiting ROS and protein damage (Y. Zhang et al., 2020). 

HSP70 plays a critical protective role during heat stress while also contributing to normal 

cellular growth and proliferation. HSPs protect cells from oxidative stress-induced 

apoptosis and are key regulators of cellular thermal tolerance (Kaushik et al., 2022). These 

findings are consistent with the observed significant upregulation of antioxidant SelP, such 

as TrxR1, in Organic Se-A treated cells under heat stress (p = 0.0164) (Table 3.3-3), 

supporting the role of enhanced redox regulation in reducing cellular stress. The inverse 

relationship between HSP70 expression and relative cell metabolic activity in Se treated 

cells further supports that reduced stress signalling is associated with improved cellular 

function.  

In contrast, the vitamin C displayed a relatively high HSP70 expression under heat 

stress conditions, although these differences were not statistically significant (p > 0.05) 

(Figure 3.2-9). Previous studies suggest that while vitamin C enhances the survival of 

oxidatively stressed cells by acting as an antioxidant and reducing ROS (Montecinos et al., 

2007), it may not fully attenuate the stress response, and cells may still require HSP70-

mediated protein stabilisation. This suggests that vitamin C enables cells to maintain 

function under stress conditions, rather than preventing the initial stress response. HSP70 

plays a central role in cellular protein homeostasis by facilitating the folding and assembly 

of newly synthesised proteins, promoting the refolding of misfolded or aggregated 

proteins, assisting in the translocation of proteins across organelle and secretory 

membranes, and regulating the activity of various cellular proteins (Evgen’ev et al., 2023). 
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Vitamin E supplementation exhibited a moderate reduction in HSP70 expression compared 

to heat-stressed control cells, however this was not a significant decrease (p > 0.05) (Figure 

3.2-9). Vitamin E functions as a lipid-soluble antioxidant, where it prevents lipid 

peroxidation and preserves membrane integrity, rather than directly reducing protein 

damage (Kilicarslan You et al., 2024; M. Traber & Packer, 1995). The patterns observed in 

this study are consistent with studies that demonstrated the decrease in HSP70 abundance 

in cells supplemented with vitamin E and vitamin C (Jang et al., 2014; Khorami et al., 

2020). 

These findings demonstrate treatment-associated differences in metabolic activity 

and HSP70 expression under heat stress conditions, suggesting that Se and vitamin 

compounds could impact stress-related cellular pathways through different mechanisms.  
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4.3 Proteomic Responses to Heat Stress 

Within the intestinal epithelium, heat stress disrupts protein stability, cellular homeostasis, 

and barrier integrity causing widespread alterations in cellular function. Elevated 

temperatures lead to the accumulation of misfolded proteins, triggering the activation of 

the UPR to try and restore proteostasis (Pessa et al., 2024). This response is characterised 

by the upregulation of stress-responsive genes and the suppression of non-essential cellular 

processes, reflecting a shift from normal metabolic activity towards cellular survival 

mechanisms (Himanen et al., 2022). In pigs, these molecular changes are accompanied by 

physiological alterations within the intestine including disruption of epithelial structure, 

and increased ER stress (Tang et al., 2022).  

Proteomic analysis provides a powerful approach for investigating these responses, 

enabling the identification of differentially expressed proteins and associated pathways that 

underpin cellular adaptation to heat stress. In the present study, quantitative proteomic 

analysis was used to characterise the response of IPEC-J2 cells to heat stress and to 

determine how this response is modified by organic Se, inorganic Se, vitamin E, and 

vitamin C supplementation. The following sections discuss the findings of the effects of 

heat stress on the proteomic profile of IPEC-J2 cells, and the supplementation of organic 

Se on cells under heat stress conditions in relation to existing literature on heat stress and 

intestinal epithelial function.  

 

4.3.1 Effect of 24 hours of heat stress at 42°C on IPEC-J2 cell proteomic 

profile  

To establish the initial impact of heat stress on the proteomic profile of IPEC-J2 cells, a 

comparison between cells that were heat stressed for 24 h at 42°C and cells maintained at 

optimal temperature of 37°C was carried out (Figures 3.3-1 to 3.3-5, and Tables 3.3-1 and 

3.3-2). In response to 24 h exposure to 42°C a total of 361 differentially expressed 

proteins, with 152 upregulated and 209 downregulated proteins, were detected (Figure 3.3-

1). The findings of this comparison suggest that heat stress induces a substantial alteration 

in the proteomic profile of IPEC-J2 cells, particularly through the upregulation of 

pathways associated with protein folding, molecular chaperone activity, and ER stress 

(Figure 3.3-3). Heat stress disrupts protein folding by destabilising the non-covalent 

interactions that maintain protein structure, resulting in denaturation, exposure of 

hydrophobic residues, and increased aggregation of misfolded proteins, activating HSR 
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and UPR, which enhance chaperone expression and protein quality control mechanisms to 

restore proteostasis (Ellis, 1999; Worby & Dixon, 2014). These findings reflect the 

increased demand for protein quality control mechanisms in response to the accumulation 

of misfolded proteins and activation of the UPR. 

Conversely, pathways related to translation, gene expression, and metabolic 

processes were downregulated in heat-stressed cells (Figure 3.3-5), suggesting a 

suppression of normal cellular activity and a shift towards energy conservation. 

Collectively, these findings support the concept that heat-stressed intestinal epithelial cells 

prioritise stress response and proteostasis mechanisms and shift away from metabolic 

activity. 

 

4.3.1.1 Upregulated proteins in IPEC-J2 cells in response to heat stress 

This study revealed that heat stress induces a clear significant upregulation of pathways 

associated with protein folding, molecular chaperone activity, and ER stress (Figure 3.3-3). 

These findings suggest that heat stress in IPEC-J2 cells promotes protein misfolding and 

aggregation, thereby triggering the activation of chaperone systems to stabilise and refold 

damaged proteins. Similar observations have been reported in IPEC-J2 cells, where heat 

stress induces ER stress and activation of the UPR signalling pathways, such as p-

eif2α/CHOP pathway (Cui et al., 2022), alongside enrichment of protein processing 

pathways in the ER (S. Gao et al., 2026). This is further supported by the marked 

upregulation of several key proteins identified in the present study, including B-cell 

receptor-associated protein 31, 26S proteasome regulatory subunit PSMD2, and DNAJ 

homolog subfamily A member 2, which are associated with protein processing, 

degradation, and molecular chaperone activity. These proteins are highly expressed with 

fold-increases of 706.2, 531.9, and 184.7, respectively (Table 3.3-1). 

Cells exposed to elevated temperatures undergo intracellular changes such as an 

accumulation of misfolded or degraded proteins, which build up in the ER lumen causing 

the activation of the UPR. This triggers the upregulation of genes involved in protein 

folding and degradation, while downregulating the genes involved in protein synthesis, 

therefore protecting the cells from apoptosis and ER stress (Z. Tang et al., 2023). This 

study demonstrated the significant upregulation of proteins directly involved in protein 

folding and quality control. Notably, DNAJ homolog subfamily A member 2 (DNAJA2), a 

co-chaperone of the HSP70 system (Baaklini et al., 2012), exhibited a 184.7-fold increase 
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in heat-stressed cells (Table 3.3-1), highlighting a strong activation of molecular chaperone 

pathways. In addition, the ER-resident chaperones calreticulin and calnexin were also 

upregulated with fold-increases of 2.9 and 2.8, respectively (Table 3.3-1), supporting an 

enhanced protein folding capacity within the ER. The marked increase in 26S proteasome 

subunit PSMD2 (531.9-fold increase) further indicates activation of protein degradation 

pathways (Bashore et al., 2023). Initially, the UPR functions as a protective mechanism 

playing a key role in maintaining proteostasis, however, prolonged or severe heat stress has 

been shown to promote a transition towards pro-apoptotic signalling (Hetz et al., 2020; 

Hetz & Papa, 2018). The shift of the UPR from a protective role to activating apoptosis is 

through proteins, including C/EBP homologous protein (CHOP), cJUN NH2-terminal 

kinase (JNK), and ER-associated caspase-12 (Y. Li et al., 2014). However, the proteomic 

analysis in the present study did not identify these pro-apoptotic markers, and no 

enrichment of apoptosis-related pathways was observed. This indicates that following 24 h 

of heat stress at 42°C, IPEC-J2 cells predominantly activate an adaptive UPR to preserve 

proteostasis, without clear progression towards apoptotic signalling.  

Further supporting this, analysis of the upregulated proteins revealed increased 

expression of molecular chaperones, protein disulfide isomerases, and heat shock proteins 

(HSPs). The increased abundance of HSP70 identified in the proteomic analysis, with a 

4.7-fold increase (Table 3.3-1), is consistent with the upregulation observed in the 

corresponding Western blot data (Figure 3.2-9), providing additional validation of the heat 

stress-induced upregulation of this chaperone. Through ATP-dependent conformational 

cycle, cytosolic HSP70 facilitates the destabilisation of misfolded proteins, promotes their 

refolding, prevents aggregation, and enables the re-solubilisation of protein aggregates 

once formed (Wentink et al., 2020). The ER chaperone Binding immunoglobulin protein 

(BiP or GRP78) was also upregulated in the present study (3.1-fold increase). BiP is a 

member of the HSP70 family (Haas, 1994), representing the sole HSP70 isoform and is the 

most abundant ER-resident chaperone (Mas & Hiller, 2025). BiP contains a substrate-

binding domain that recognises exposed hydrophobic regions of unfolded proteins and a 

nucleotide-binding domain that regulates substrate affinity through ATP binding and 

hydrolysis. Following ATP hydrolysis, BiP adopts a high-affinity conformation, facilitating 

efficient protein folding and preventing aggregation (H. Li & Sun, 2021). The 

simultaneous upregulation of BiP and cytosolic HSP70 proteins in this study suggests that 

ER stress is promoting a pro-survival response aimed at restoring proteostasis, in which 

both ER and cytoplasmic quality control systems are working to mitigate protein damage. 

Overall, findings suggest that the level or duration of heat stress applied to IPEC-J2 cells in 
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this study may not have been sufficient to trigger the transition from adaptive UPR to 

apoptotic signalling.  

In addition to HSP70, other heat shock proteins were differentially expressed under 

heat stress conditions (Supplementary Table 6.1). These include members of the HSP90 

family, mitochondrial HSP60, and co-chaperones of the HSP40 family, including 

DNAJA2, which showed a particularly large increase (184.7-fold increase). The 

coordinated upregulation of multiple HSP families suggests activation of a broad 

chaperone network in response to heat stress, reflecting the need for both cytosolic and 

organelle-specific protein folding mechanisms.  

Interestingly, proliferating cell nuclear antigen (PCNA) showed a substantial 

upregulation in this study, with a 449.5-fold increase in heat-stressed IPEC-J2 cells (Table 

3.3-1). PCNA is a key component of DNA polymerase delta and is primarily expressed 

during the S phase of the cell cycle. It functions as a scaffold protein, coordinating multiple 

processes including DNA replication, DNA repair, cell cycle regulation, and apoptosis (S.-

Q. Li et al., 2012). Its expression has been shown to decrease under conditions of cellular 

stress that induce cell cycle arrest. 

 

4.3.1.2 Downregulated proteins in IPEC-J2 cells in response to heat stress 

In addition to the upregulation of protein folding pathways (Figure 3.3-3), the proteomic 

analysis revealed a marked downregulation of processes associated with translation and 

protein biosynthesis. Enrichment analysis demonstrated significant reductions in 

translation initiation factors, RNA binding proteins, and peptide biosynthetic pathways 

(Figure 3.3-5), indicating a reduction of protein synthesis under heat stress conditions. The 

10 significantly downregulated proteins identified in this study are associated with cell 

structure, adhesion, and cytoskeletal organisation, including Tax-1 binding protein 3 (p = 

0.0044), envoplakin (p =0.0013), and plakophilin-2 (p = 0.0232). Notably, the 

downregulation of eiF-2-alpha kinase activator GCN1 is consistent with disruption of 

translation regulation pathways, further reinforcing the observed inhibition of protein 

synthesis under heat stress conditions (Table 3.3-2) 

This is consistent with previous studies in both plant and mammalian systems, 

where heat stress has been shown to induce a widespread inhibition of translation, 

including reduction in polysome-associated mRNAs and suppression of genes involved in 

ribosome biogenesis and translation initiation (Harding et al., 2000; Yángüez et al., 2013). 
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This is further supported by the downregulation of key proteins involved in translation 

regulation identified in the present study (Table 3.3-2). Notably, eIF-2-alpha kinase 

activator GCN1 (p = 0.00539) plays a central role in mediating translational control under 

heat stress conditions through activation of eIF2 signalling pathways. The reduction in 

GCN1 abundance observed here suggests suppression of translation initiation mechanisms, 

consistent with previous reports of heat-induced inhibition of protein synthesis (X. Tang et 

al., 2022). In addition, the decrease of prefoldin subunit 3, which contributes to the folding 

of newly synthesised proteins (Tahmaz et al., 2022), further supports a reduction in overall 

protein synthesis. Together these findings align with previous studies demonstrating that 

heat stress disrupts translation machinery and limits protein biosynthesis as part of a 

protective cellular response (Harding et al., 2000; Yángüez et al., 2013). Such translational 

inhibition is a conserved cellular response, whereby an increase in intracellular temperature 

during heat stress leads to a global reduction in protein synthesis, while selectively 

enhancing the production of stress-related proteins such as HSPs. This selective 

upregulation occurs primarily through activation of heat shock factor 1 (HSF1), which 

drives increased transcription of HSP genes, alongside preferential translation of HSP 

mRNAs under heat stress conditions (Kmiecik & Mayer, 2022; Murshid et al., 2018). This 

response is essential to limit the accumulation of misfolded or damaged proteins that could 

otherwise exert proteotoxic effects and compromise cell survival (Lindquist, 1986; Smith 

et al., 2025).  

In addition to the suppression of translation, the proteomic analysis revealed 

significant downregulation of metabolic pathways, including glycolysis and carbon 

metabolism (Figure 3.3-5), indicating a broader reduction in energy-producing processes 

under heat stress. Disruptions in energy metabolism associated with heat stress are thought 

to arise from progressive imbalances in cellular energy homeostasis. Therefore, evaluating 

the consequences of heat stress on fundamental metabolic processes is essential for the 

crucial understanding of the mechanisms underlying these metabolic disturbances. Energy 

metabolism refers to the cellular process through which cells convert nutrients such as 

glucose, and amino acids into useable energy in the form of ATP through redox, anabolic, 

and catabolic pathways. These processes are necessary for maintained cellular activity and 

homeostasis (Q. Li et al., 2026; H. Liu et al., 2025). Under heat stress, this system becomes 

significantly altered, with evidence suggesting that key metabolic pathways, including 

carbohydrate metabolism and glycolysis, are downregulated. Transcriptomic and metabolic 

profiling of Auricularia heimue mycelia under prolonged temperature stress, demonstrated 

reduced expression of genes encoding glycolytic enzymes and decreased activity of 
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pathways involved in energy production. These findings indicate reduced metabolic 

efficiency and support the concept of metabolic reprogramming, in which cells redirect 

their energy utilisation towards stress adaptation rather than growth (Nie et al., 2025). 

This study also demonstrated a downregulation of pathways associated with 

cytoskeletal organisation and binding (Figure 3.3-5). This is consistent with a general 

shutdown of cellular processes under heat stress that has been seen in this study. However, 

previous early transcriptional studies demonstrated a rapid induction of cytoskeletal-

associated genes following heat shock, suggesting an initial adaptive response to maintain 

structural integrity (Mahat et al., 2016). In contrast, a more recent multi-omics analyses on 

humans, indicated that prolonged or sustained heat exposure is associated with disruption 

and downregulation of cytoskeletal components, reflecting structural remodelling and 

impaired cellular organisation under stress conditions (Wen et al., 2024). Therefore, the 

downregulation of cytoskeletal-associated proteins observed in this study may reflect a late 

response to heat stress, where cellular resources are diverted away from structural 

maintenance towards stress adaptation and survival mechanisms.  

Together the coordinated downregulation of translation and metabolic pathways 

(Figure 3.3-5) suggest an energy-conserving response, and the upregulation of molecular 

chaperones including HSP70 family proteins (Table 3.3-1) and BiP, indicates a coordinated 

proteostasis network in which protein synthesis is reduced while folding capacity is 

enhanced. This suggests a global cellular reprogramming towards survival under heat 

stress conditions. 
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4.3.2 Proteomic responses in IPEC-J2 cells treated with organic Se prior 

to being heat stressed at 42°C  

Following the characterisation of heat stress-induced proteomic changes in IPEC-J2 cells, 

the potential protective effects of organic Se supplementation were investigated (Section 

3.3.2). While proteomic analysis was performed on all treatment groups against untreated 

heat-stress control, comprehensive discussion of all treatment comparisons was beyond the 

scope of the present study. Therefore, a detailed assessment was focused exclusively on 

Organic Se-A treatment in heat-stressed cells. Se supplementation has been widely 

reported to exert protective effects against heat stress, primarily through its role in 

maintaining redox homeostasis and cellular integrity. Se is an essential trace mineral which 

is involved in regulating a variety of physiological and pathological processes, through its 

incorporation into SelPs. Heat stress has been shown to promote the production of free 

radicals, impair immune function, and cause damage to proteins and other biological 

molecules. Most SelPs have been reported to contribute to the antioxidant defence, protein 

folding, and the degradation of misfolded proteins within the ER, suggesting that they may 

play an important protective role in cells exposed to heat stress (Cao et al., 2016). SelPs 

belonging to the families of glutathione peroxidases (GPxs) and thioredoxin reductases 

(TrxRs) are particularly important in antioxidant protection and cellular redox regulation 

(Roman et al., 2014).  

The increased abundance of thioredoxin reductase 1 (TrxR1) in Organic Se-A 

treated heat-stressed cells, with a 2.1-fold increase (Table 3.3-3), highlights the activation 

of the thioredoxin antioxidant system under stress conditions. TrxR1 is a selenium-

dependent oxidoreductase that catalyses the NADPH-driven reduction of thioredoxin, 

thereby maintaining intracellular redox homeostasis and facilitating the removal of reactive 

oxygen species (ROS). This system plays a central role in protecting cellular proteins from 

oxidative stress damage and supporting stress adaptation (Wright et al., 2021). Although 

components of the thioredoxin system can be induced by oxidative stress alone, the 

catalytic activity and stability of TrxR1 are highly dependent on the incorporation of 

SeCys, making Se availability a critical factor for its functional expression (Anestål & 

Arnér, 2003). Consistent with this, Se supplementation has been reported to increase TrxR1 

protein abundance and enzymatic activity (J. Zhang et al., 2003).  In the context of the 

present study, TrxR1 was not significantly altered in response to heat stress alone (Section 

3.3.1) but was significantly upregulated in organic Se-treated cells under heat stress 

conditions (p =0.00164) (Table 3.3-3). This comparison indicates that the increase in 
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TrxR1 abundance is associated with organic Se supplementation under heat stress 

conditions. This is supported by the proteomic data, which demonstrated a measurable 

increase in TrxR1 expression in treated heat-stressed cells, suggesting an enhancement of 

redox defence mechanisms, thereby improving the cellular capacity to mitigate heat stress-

induced oxidative damage. 

In addition, the observed increase in HSP70 (2.1-fold increase) abundance in 

Organic Se-A treated cells indicates an enhanced proteostatic response. While HSP70 was 

shown to be upregulated under baseline heat stress conditions with a 4.7-fold increase 

(Supplementary Table 6.1), studies in IPEC-J2 cells have shown that organic Se 

supplementation further upregulates the expression of HSP70 (J. Tang et al., 2019). These 

findings are consistent with the Western blot data that indicated that organic Se 

supplementation upregulated HSP70 abundance (Figure 3.2-9). Overall, Organic Se-A 

supplementation may enhance the adaptive response in IPEC-J2 cells by strengthening 

antioxidant and proteostasis pathways. 

This study also demonstrated that peptidyl-prolyl cis-trans isomerase FKBP4 was 

downregulated in Organic Se-A treated cells under heat stress conditions, showing a 3.4-

fold decrease compared to heat-stressed control cells (Table 3.3-3). This protein was 

upregulated in the heat stress model, with a 2.1-fold increase in heat-stressed cells 

compared to control cells. FKBP4 functions as an HSP90-associated co-chaperone 

involved in the regulation of multiple cellular pathways, including protein folding, receptor 

transport, and gene expression (Zong et al., 2021). A genome-wide study in heat-stressed 

cattle revealed an increase in co-chaperone FKBP4 (Sajjanar et al., 2023), this is consistent 

with results from this study that showed an increase in FKBP4 abundance in heat-stressed 

IPEC-J2 cells compared to control cells, suggesting that cells require more chaperone-

mediated protein folding. The downregulation of FKBP4 in Organic Se-A treated cells 

under heat stress may indicate a reduction in the oxidative/proteotoxic effects of heat 

stress, therefore the demand for stress-associated chaperones declines.  

Proteomic analysis of organic Se-treated cells under heat stress conditions also 

demonstrated a downregulation of talin-1 (TLN1) in the present study (Table 3.3-3), with a 

1.5-fold decrease observed. TLN1 is integral for the formation of cell-matrix adhesions 

through its interactions with integrin receptors and actin cytoskeleton. It also acts as an 

adaptor protein, with multiple binding motifs characterised in various proteins (Da Silva et 

al., 2024). In the context of the present study, this downregulation of TLN1 may intensify 

the structural changes observed in heat-stressed IPEC-J2 cells, reflecting a shift away from 
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maintaining cytoskeletal integrity towards prioritising stress adaptation and survival 

mechanisms. 

Collectively, these findings suggest that Organic Se-A supplementation enhances 

cellular adaptation to heat stress by strengthening antioxidant and protein quality control 

mechanisms, while reducing proteotoxic and structural stress.  

 

4.4 Limitations 

This study has several limitations that should be considered when interpreting the findings. Firstly, 

the IPEC-J2 monoculture model provides a controlled system for investigating direct cellular 

responses to heat stress; however, it does not replicate the porcine intestine in vivo. Within this 

model physiological processes such as thermoregulation, nutrient absorption, and whole-animal 

metabolism are not represented. Alamar Blue® reagent was primarily used to assess cellular 

responses to heat stress. This assay reflects cellular metabolic activity rather than direct 

measures of cell number, apoptosis, or cellular damage. Therefore, results should be 

interpreted as altered metabolic activity rather than a direct measure of viable cell number 

or cell death.  

Another limitation of this study was the relatively small number of independent 

biological replicates used for multiple experiments (n = 3). Although numerical differences 

were observed between groups, many comparisons did not display statistical significance. 

Therefore, it cannot be concluded with certainty that the observed results reflect the true 

effects of heat stress on IPEC-J2 cells supplemented with Se and vitamin compounds. 

Carrying out more biological replicates would improve the statistical power and provide 

greater confidence in the observed responses. 

In addition, the findings from the proteomic data should be interpreted with 

caution. Differentially expressed proteins were identified using protein-level ANOVA, 

fold-change, and peptide-count thresholds. While protein identification was controlled 

using a 1% FDR, adjusted p-values for differential protein abundance were not available. 

Therefore, the possibility of false-positive findings cannot be ruled out, so proteomic 

findings should be regarded as exploratory. 
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4.5 Conclusion 

This study  established a reproducible  in vitro heat stress model using IPEC-J2 cells, 

demonstrating that exposure to elevated temperatures  was associated with reduced cellular 

metabolic activity  and increased HSP70 expression. The model provides a useful 

experimental platform for investigating the effects of heat stress on porcine epithelial cells 

and assess potential nutritional intervention strategies. 

 Treatment with Se and vitamin compounds presented varied effects on cellular 

metabolic activity and HSP70 expression under heat stress that depended on the compound 

used and the endpoint measured. Se, in particular, exhibited a more consistent protective 

effect, with improved cellular responses compared with vitamin supplementation. This is 

likely due to its role in enzymatic antioxidant defence systems and maintenance of cellular 

redox balance 

Proteomic analysis demonstrated that heat stress was associated with  widespread 

alterations in proteins involved in cellular pathways including oxidative stress, protein 

folding, and translation. Alterations in proteins associated with protein synthesis suggest 

that heat stress disrupts normal cellular function at a molecular level. Supplementation 

with Se and vitamin compounds was associated with additional changes in protein 

abundance, including treatment-related alterations in proteins such as HSP70 and TrxR1.  

Overall, these findings provide valuable insights into the cellular mechanisms 

underlying heat stress and highlight the potential of targeted nutritional strategies, 

particularly Se supplementation, to improve thermotolerance in swine.  
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4.6 Future Work 

While the present study successfully established an in vitro model of heat stress in IPEC-J2 

cells, several avenues for further research remain. 

Firstly, the inclusion of additional timepoints would allow for a better 

characterisation of the dynamics of the heat stress response. This would enable 

differentiation between early adaptive responses and later stages of cellular damage. 

Carrying out a time course from 1 hour to 48 hours would provide insight into the 

progression of cellular stress in IPEC-J2 cells. Furthermore, inclusion of cell cycle and 

apoptosis assays, such as flow cytometry, would strengthen the understanding of whether 

heat stress induces cell cycle arrest or programmed cell death. 

Secondly, future studies should investigate additional markers of intestinal barrier 

function, including tight junction proteins such as occludin, claudins, and ZO-1. Although 

no major morphological changes were observed using phase-contrast microscopy, these 

proteins are highly sensitive to heat stress and may reveal early disruptions in epithelial 

integrity that are not detectable at the morphological level.  

The measurement of oxidative stress markers would provide further insight into the 

mechanisms underlying heat stress-induced cellular dysfunction. Assessment of reactive 

oxygen species (ROS) production, antioxidant enzyme activity, and mitochondrial function 

would help confirm the role of oxidative damage suggested by the reduction in metabolic 

activity observed in this study. The use of more advanced metabolic profiling techniques, 

such as Seahorse analysis, could be used to assess changes in glycolysis and oxidative 

phosphorylation in response to heat stress in untreated and Se-treated IPEC-J2 cells. 

  In addition, future work should focus on independent validation of key proteomic 

targets identified in this study. Specifically, proteins identified in the proteomic analysis, 

including TrxR1, GCN1, and DNAJ2, could be investigated using complementary 

techniques such as RT-PCR and Western blotting to further validate and explore the 

pathways involved in the cellular stress response. 
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6.1 Relative metabolic activity of IPEC-J2 cells treated with Se 

and vitamin compounds prior to heat stress at 42°C 

6.1.1 Effect of 24-hour supplementation with Se and vitamin compounds 

on relative IPEC-J2 cell metabolic activity 

The figures show the relative metabolic activity of IPEC-J2 cells supplemented with Se 

and vitamin compounds for 24 hours before exposure to heat stress for 2 hours (Figure 6.1-

1) and 24 hours (Figure 6.1-2). Results are presented separately for cells maintained at 

37°C (A) and cell exposed to 42°C (B) to facilitate visualisation of individual biological 

replicates. Data is expressed relative to the 37°C control group. Bars represent the mean of 

three independent biological replicates (n = 3) and dots represent the individual numerical 

value of each biological replicate. Data was analysed using One-way ANOVA with Tukey’s 

post hoc test, with significance marked as *(p ≤ 0.05) and **(p ≤ 0.01). 

 



151 
 

 

Figure 6.1-1: Relative IPEC-J2 cell metabolic activity following 24 h treatment with Se and 

vitamin compounds prior to heat stress at 42°C for 2 h- IPEC-J2 cells were treated for 24 h and 

maintained at 37°C (A), and heat stressed for 2 h (B) with relative metabolic activity measured 

using Alamar Blue assay, relative to the 37°C control group. Bars represent mean values ± SD, 

while dots represent individual biological replicate numerical values (n = 3). Data was analysed 

with One-way ANOVA with Tukey’s post hoc, no significance observed. 
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Figure 6.1-2: Relative IPEC-J2 cell metabolic activity following 24 h treatment with Se and 

vitamin compounds prior to heat stress at 42°C for 24 h- IPEC-J2 cells were treated for 24 h 

and maintained at 37°C (A), and heat stressed for 24 h at 42°C (B) with relative metabolic activity 

measured using Alamar Blue assay, relative to the 37°C control group. Bars represent mean values 

± SD, while dots represent individual biological replicate numerical values (n = 3). Data was 

analysed with One-way ANOVA with Tukey’s post hoc, with significant marked *(p ≤ 0.05), **(p 

≤ 0.05). 

 

6.1.2 Effect of 48-hour supplementation with Se and vitamin compounds 

on relative IPEC-J2 cell metabolic activity 

The figures show the relaive metabolic activity of IPEC-J2 cells supplemented with Se and 

vitamin compounds for 48 hours before exposure to heat stress for 2 hours (Figure 6.1-3) 

and 24 hours (Figure 6.1-4). Results are presented separately for cells maintained at 37°C 

(A) and cell exposed to 42°C (B) to facilitate visualisation of individual biological 
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replicates. Data is expressed relative to the 37°C control group. Bars represent the mean of 

three independent biological replicates (n = 3) and dots represent the individual numerical 

value of each biological replicate. Data was analysed using One-way ANOVA with Tukey’s 

post hoc test, with significance marked as *(p ≤ 0.05) and **(p ≤ 0.01). 

 

 

Figure 6.1-3: Relative IPEC-J2 cell metabolic activity following 48 h treatment with Se and 

vitamin compounds prior to heat stress at 42°C for 2 h- IPEC-J2 cells were treated for 48 h and 

maintained at 37°C (A), and heat stressed for 2 h at 42°C (B) with relative metabolic activity 

measured using Alamar Blue assay, relative to the 37°C control group. Bars represent mean values 

± SD, while dots represent individual biological replicate numerical values (n = 3). Data was 

analysed with One-way ANOVA with Tukey’s post hoc, no significance observed. 
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Figure 6.1-4: Relative IPEC-J2 cell metabolic activity following 48 h treatment with Se and 

vitamin compounds prior to heat stress at 42°C for 24 h- IPEC-J2 cells were treated for 48 h 

and maintained at 37°C (A), and heat stressed for 24 h at 42°C (B) with relative metabolic activity 

measured using Alamar Blue assay, relative to the 37°C control group. Bars represent mean values 

± SD, while dots represent individual biological replicate numerical values (n = 3). Data was 

analysed with One-way ANOVA with Tukey’s post hoc, no significance observed. 
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(B), and 44°C (C). Each membrane was cut and the upper section was incubated with 

HSP70 while the lower section was incubated with actin, see Section 2.2.3 for procedure.  

 

Figure 6.2-1: Western blot images of heat-stressed IPEC-J2 cells- Cells were heat stressed for 2 

h and 24 h, respectively, and samples were loaded at a protein concentration of 10 µg per lane , and 

membranes were incubated with target antibody (HSP70) and house-keeping antibody (actin). 

Images represent 41°C (A), 42°C (B), and 44°C (C), n= 3. 
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independent biological replicates was carried out, n = 5, with each membrane containing a 

37°C untreated control and a 42°C untreated control. See Section 2.2.3 for full procedure.  

 

 

Figure 6.2-2: Western blot images of IPEC-J2 cells treated with Se and vitamin compounds 

maintained at 37°C- Cells were treated with compounds for 24 h, and samples were loaded at a 

protein concentration of 10 µg per lane. Membranes were incubated with target antibody (HSP70) 

and house-keeping antibody (actin), n= 5. 
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Figure 6.1-3 shows Western blot membrane images of IPEC-J2 cells that were treated with 

Se and vitamin compounds for 24 hours prior to being heat stressed at 42°C for 24 hours.  

 

 

 

Figure 6.2-3: Western blot images of IPEC-J2 cells treated with Se and vitamin compounds 

prior to being exposed to 42°C for 24 hours- Cells were treated with compounds for 24 h, then 

exposed to 42°C for a further 24 hours. Samples were loaded at a protein concentration of 10 µg 

per lane, and membranes were incubated with target antibody (HSP70) and house-keeping antibody 

(actin), n= 5. 
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6.3 Proteomic Analysis 

A table containing a list of the significantly upregulated HSPs in IPEC-J2 cells exposed to 

heat stress at 42°C for 24 hours, compared to cells maintained at 37°C (Table 6.1). The 

HSPs show a fold change ranging between 1.5 and 5.8, with HSP105 having the greatest 

fold change. 

Table 6.3-1: Supplementary table containing significantly upregulated HSPs in heat-stressed IPEC-

J2 cells compared to control cells maintained at 37°C 

Accession Number Protein Description Max Fold 

Change 

148225750 Heat shock protein 105 kDa 5.8 

47523308 Heat shock 70 kDa protein 1B 

(HSP70) 

4.7 

1191904739 Heat shock 70 kDa protein 4L 3.1 

47522774 Heat shock protein 90-alpha 2.7 

47523680 10 kDa heat shock protein, 

mitochondrial (HSP10) 

2.0 

359811347 60 kDa heat shock protein, 

mitochondrial (HSP60) 

1.8 

55926209 Heat shock protein beta-1 1.6 

345441750 Heat shock cognate 71 kDa protein 1.5 
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6.3.1 Differentially expressed proteins in IPEC-J2 cells treated with 

Organic Se-A compared to untreated heat-stressed cells 

List of all the differentially expressed proteins in IPEC-J2 cells treated with Organic Se-A 

compared to untreated heat-stressed cells. The list contains the protein name, the unique 

peptides, the mean abundance in three independent biological replicates, the fold change, 

direction, and p-value. 

 

Table 6.3-2: Supplementary table containing all the differentially expressed proteins 

identified in IPEC-J2 cells heat stressed at 42°C for 24 h- The table includes protein name, 

number of unique peptides, mean normalised abundance for each group (n = 3), fold change, 

direction of change, and protein-level ANOVA p-value. Proteins were filtered based on a peptide 

count ≥ 2, a maximum fold change ≥ 1.5, and a p-value ≤ 0.05. 

Protein Name 
Unique 

Peptides 

Mean 

Abundance 

(42°C Con) 

Mean 

Abundance 

(42°C 

Organic 

Se-A) 

Fold 

Change 
Direction 

ANOVA 

p-value 

heat shock 70 kDa protein 1B  2 59274.59 125659 2.1 Up 0.004369 

thioredoxin reductase 1, 

cytoplasmic  
4 759232.9 1575467 2.1 Up 0.001642 

matrin-3 isoform X1  2 213867.1 355630.7 1.7 Up 0.026125 

peptidyl-prolyl cis-trans 

isomerase FKBP4 
2 1654073 484805.7 3.4 Down 0.003263 

talin-1 isoform X1  2 1030943 690754.5 1.5 Down 0.000313 

beta-hexosaminidase subunit 

alpha precursor 
2 1270533 868835.7 1.5 Down 0.000142 

10 kDa heat shock protein, 

mitochondrial 
2 10253078 13824900 1.3 Up 0.001696 

heat shock protein HSP 90-

alpha 
2 1768594 2265242 1.3 Up 0.045802 

filamin-B isoform X1 2 1036911 1223816 1.2 Up 0.026583 

protein disulfide-isomerase 3 15520116 17670164 1.1 Up 0.009673 

protein S100-A14  1 819541.1 1069934 1.3 Up 0.000794 

FAS-associated death domain 

protein  
1 1004115 1232117 1.2 Up 0.001806 
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dnaJ homolog subfamily C 

member 7 
1 238036.4 442024.6 1.9 Up 0.002735 

lamin-B1 1 1575502 2310662 1.5 Up 0.0028 

NADH dehydrogenase 

[ubiquinone] 1 alpha 

subcomplex subunit 13 

1 307451.3 384305.9 1.2 Up 0.003434 

superoxide dismutase [Cu-Zn]  1 1074003 1535919 1.4 Up 0.003966 

exportin-1 isoform X1 1 176344.1 368981 2.1 Up 0.008073 

dihydrolipoyllysine-residue 

acetyltransferase component of 

pyruvate dehydrogenase 

complex, mitochondrial 

precursor 

1 56665.46 80138.12 1.4 Up 0.008781 

cytochrome c oxidase subunit 

6C isoform X1 
1 555656.3 602124.6 1.1 Up 0.009483 

importin-5 1 839287.7 1052686 1.3 Up 0.014705 

heterogeneous nuclear 

ribonucleoprotein R isoform X1 
1 67913.83 149728.2 2.2 Up 0.014793 

Na(+)/H(+) exchange regulatory 

cofactor NHE-RF1 
1 90640.02 113021.2 1.2 Up 0.016577 

cysteine--tRNA ligase, 

cytoplasmic isoform X1 
1 45912.12 71357.58 1.6 Up 0.016823 

39S ribosomal protein L50, 

mitochondrial 
1 48802.64 112638.8 2.3 Up 0.017339 

destrin 1 3800906 4547668 1.2 Up 0.017996 

transgelin-2 1 2514900 4169977 1.7 Up 0.018132 

nucleoside diphosphate kinase B 1 4761644 5497286 1.2 Up 0.018155 

protein S100-A16 1 1514288 1926660 1.3 Up 0.020738 

exportin-2 1 485908.3 722179.8 1.5 Up 0.021482 

4F2 cell-surface antigen heavy 

chain 
1 567627.3 1114484 2.0 Up 0.023105 

protein-glutamine gamma-

glutamyltransferase 2  
1 65262.31 96677.96 1.5 Up 0.023157 

elongation factor 1-alpha, 

somatic form-like 
1 172034.9 293816.9 1.7 Up 0.024939 

peptidyl-prolyl cis-trans 

isomerase FKBP11 
1 979420.6 1306660 1.3 Up 0.024984 
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3-ketodihydrosphingosine 

reductase 
1 1027405 1346461 1.3 Up 0.025687 

transmembrane protein 214 

isoform X1 
1 388183.4 645744.5 1.7 Up 0.026369 

integrin alpha-V isoform X1 1 635328.5 865629.2 1.4 Up 0.02642 

NHP2-like protein 1 1 4337337 4747576 1.1 Up 0.026771 

persulfide dioxygenase ETHE1, 

mitochondrial 
1 487378.8 585218.9 1.2 Up 0.027718 

alpha-2-macroglobulin 

receptor-associated protein 

precursor 

1 277121.5 342377.5 1.2 Up 0.027754 

serine/threonine-protein 

phosphatase 2A 65 kDa 

regulatory subunit A alpha 

isoform 

1 4486220 5495978 1.2 Up 0.028138 

phosphatidylglycerophosphatase 

and protein-tyrosine 

phosphatase 1 

1 243405 439934.4 1.8 Up 0.029548 

serine/arginine-rich splicing 

factor 9 
1 2396460 2772088 1.2 Up 0.03127 

CD44 antigen isoform X10  1 439351.2 673794.8 1.5 Up 0.031609 

stomatin-like protein 2, 

mitochondrial 
1 503658.6 701807.7 1.4 Up 0.032702 

BAG family molecular 

chaperone regulator 2 isoform 

X1 

1 3097814 3868363 1.2 Up 0.032792 

ubiquitin-associated protein 2-

like isoform X1  
1 573836.8 855739.1 1.5 Up 0.032804 

ATP-dependent RNA helicase 

DDX18 
1 187260.1 354707.2 1.9 Up 0.033201 

40S ribosomal protein S28 

isoform X1  
1 1634780 1998003 1.2 Up 0.034129 

kinesin-like protein KIF11  1 387918.4 793281.5 2.0 Up 0.034415 

aminoacyl tRNA synthase 

complex-interacting 

multifunctional protein 1  

1 2139965 2778222 1.3 Up 0.03493 
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malate dehydrogenase, 

mitochondrial 
1 1978281 2192419 1.1 Up 0.035055 

NADH dehydrogenase 

[ubiquinone] iron-sulfur protein 

4, mitochondrial isoform X1 

1 2740275 3336939 1.2 Up 0.035426 

endoplasmin precursor 1 17146109 19168857 1.1 Up 0.036823 

mapk-regulated corepressor-

interacting protein 1 isoform X1 
1 242903.6 333216.9 1.4 Up 0.036921 

cytoskeleton-associated protein 

4  
1 3503375 3967838 1.1 Up 0.037471 

keratin, type I cytoskeletal 19 1 1830686 2384533 1.3 Up 0.042257 

small ribosomal subunit protein 

eS1 
1 1942039 2843541 1.5 Up 0.042623 

protein PBDC1 isoform X1  1 34622.4 52319.97 1.5 Up 0.042787 

clathrin light chain A isoform 

X4 
1 1387590 1832832 1.3 Up 0.043021 

heterogeneous nuclear 

ribonucleoprotein Q isoform X1 
1 1013777 1528946 1.5 Up 0.043343 

membrane-associated 

progesterone receptor 

component 1  

1 757087.2 875262.3 1.2 Up 0.043873 

desmoplakin isoform X1 1 724066.3 819921.1 1.1 Up 0.044532 

reticulocalbin-2 precursor 1 1419052 2260795 1.6 Up 0.046442 

transcription factor BTF3 

homolog 4 isoform X1 
1 649179.9 740467.3 1.1 Up 0.046725 

histone deacetylase complex 

subunit SAP18 
1 1172889 1605189 1.4 Up 0.046941 

neuroblast differentiation-

associated protein AHNAK 
1 1508916 1842532 1.2 Up 0.049131 

reticulocalbin-1 1 1959491 2485192 1.3 Up 0.049407 

kinesin-like protein KIF2A 

isoform X1 
1 140524 297974 2.1 Up 0.049605 

glucose-6-phosphate isomerase 2 8573342 6304280 1.4 Down 0.019789 

fatty acid synthase 4 3420095 2557901 1.3 Down 0.032008 

cytoplasmic dynein 1 heavy 

chain 1 
2 3152572 2363992 1.3 Down 0.005424 

periplakin isoform X1 2 1212951 940444.7 1.3 Down 0.028755 
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elongation factor 1-gamma 2 16534270 12891099 1.3 Down 0.002638 

PCTP-like protein isoform X1 1 2646136 2174253 1.2 Down 0.00017 

adenosylhomocysteinase 2 8275852 6848713 1.2 Down 0.02008 

large ribosomal subunit protein 

uL10 
2 6442873 5406839 1.2 Down 0.023033 

transketolase 2 7377789 6354891 1.2 Down 0.004593 

alcohol dehydrogenase class-3 2 536401.8 465497.7 1.2 Down 0.002108 

ribose-phosphate 

pyrophosphokinase 2  
2 643324 569379.5 1.1 Down 0.025263 

prohibitin 1 1870617 1507185 1.2 Down 0.004236 

protein transport protein 

Sec24C isoform X1 
1 2105788 1700737 1.2 Down 0.004462 

T-complex protein 1 subunit 

zeta-2  
1 5834467 4868282 1.2 Down 0.004466 

S-formylglutathione hydrolase 1 4001028 3376955 1.2 Down 0.005373 

coatomer subunit beta  1 342689.9 179251.7 1.9 Down 0.005863 

heterogeneous nuclear 

ribonucleoprotein U-like protein 

2 

1 1341465 1143813 1.2 Down 0.006317 

poly [ADP-ribose] polymerase 6 

isoform X1 
1 227551.4 29595.08 7.7 Down 0.006387 

lactoylglutathione lyase 1 10076587 6988281 1.4 Down 0.007029 

nucleoside diphosphate kinase C 

isoform 1 precursor 
1 47002.2 39233.19 1.2 Down 0.007428 

ADP-ribosylation factor 1 

isoform X1  
1 12625236 10597871 1.2 Down 0.008671 

radixin 1 489314.8 371221.3 1.3 Down 0.009688 

annexin A2 1 62237110 53474363 1.2 Down 0.009994 

myosin-9 1 5012325 3905346 1.3 Down 0.010836 

septin-8 isoform X1 1 1080539 991106.1 1.1 Down 0.011232 

protein SGT1 homolog  1 2530319 2015435 1.3 Down 0.01151 

E3 ubiquitin-protein ligase 

NEDD4-like isoform X1 
1 96608.91 28088.97 3.4 Down 0.011585 

cell cycle and apoptosis 

regulator protein 2 
1 225028.4 197275 1.1 Down 0.01179 

catenin alpha-1 1 6219563 5051996 1.2 Down 0.013058 

40S ribosomal protein S2 1 13880201 12385421 1.1 Down 0.013189 
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26S proteasome non-ATPase 

regulatory subunit 11 
1 610301.7 402916.6 1.5 Down 0.013497 

E3 ubiquitin-protein ligase 

TRIM23 isoform X1 
1 5120835 3437593 1.5 Down 0.013986 

SCY1-like protein 2 isoform X1 1 248470.3 137572.1 1.8 Down 0.014237 

cleavage stimulation factor 

subunit 3 
1 569116.7 468289.3 1.2 Down 0.014317 

ras GTPase-activating-like 

protein IQGAP1  
1 4648495 3744643 1.2 Down 0.014336 

filamin-A isoform X1 1 18329439 15356271 1.2 Down 0.01454 

annexin A7 isoform X1 1 5314431 4358983 1.2 Down 0.015732 

lysosome-associated membrane 

glycoprotein 1 precursor 
1 4510643 2780011 1.6 Down 0.016384 

rab GDP dissociation inhibitor 

beta 
1 4810657 3282966 1.5 Down 0.017241 

proteasome subunit alpha type-

6  
1 3219687 2869975 1.1 Down 0.017316 

proteasome subunit beta type-3  1 1568879 1144489 1.4 Down 0.017814 

tripeptidyl-peptidase 2 isoform 

X1 
1 255235.5 141493.2 1.8 Down 0.018017 

nuclear pore complex protein 

Nup50 isoform X1  
1 1387091 1249803 1.1 Down 0.018711 

glutamine--fructose-6-phosphate 

aminotransferase [isomerizing] 

1 isoform X1 

1 1710028 1179816 1.4 Down 0.019546 

actin-related protein 2/3 

complex subunit 1B 
1 2098391 1593368 1.3 Down 0.020761 

mannose-1-phosphate 

guanyltransferase beta isoform 

X1 

1 1149084 919351.1 1.2 Down 0.021233 

neutral alpha-glucosidase AB 

isoform X1 
1 1920177 1149599 1.7 Down 0.021479 

inositol monophosphatase 1 

isoform X1 
1 712126.9 529496.8 1.3 Down 0.02239 

ruvB-like 2 1 1239203 998549.6 1.2 Down 0.022742 

prolyl endopeptidase isoform X1 1 247227.6 145208.8 1.7 Down 0.023317 
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spliceosome RNA helicase 

DDX39B isoform X1 
1 1790014 1319285 1.4 Down 0.023723 

ezrin 1 485145.7 271569.6 1.8 Down 0.023799 

beta-2-microglobulin precursor 1 420911.3 61767.72 6.8 Down 0.023873 

phenylalanine--tRNA ligase beta 

subunit-like 
1 641948.5 487357.6 1.3 Down 0.024323 

14-3-3 protein theta 1 18699293 14444736 1.3 Down 0.024531 

ATP synthase subunit beta, 

mitochondrial 
1 27987588 26006110 1.1 Down 0.024927 

N-alpha-acetyltransferase 10 

isoform X1 
1 1810697 1536744 1.2 Down 0.024989 

peptidyl-prolyl cis-trans 

isomerase FKBP3 
1 136374.1 83751.82 1.6 Down 0.025354 

60S ribosomal protein L38 1 9955695 8724563 1.1 Down 0.026266 

creatine kinase B-type isoform 

X1 
1 341234.7 176086.2 1.9 Down 0.026389 

translation initiation factor eIF2 

assembly protein 
1 374359.9 132065.4 2.8 Down 0.026395 

malignant T-cell-amplified 

sequence 1 
1 1177072 1019265 1.2 Down 0.026413 

eukaryotic translation initiation 

factor 3 subunit A 
1 1629398 1269894 1.3 Down 0.026677 

glutathione synthetase 1 1012208 385424.7 2.6 Down 0.02687 

ran GTPase-activating protein 1 1 1238420 872297 1.4 Down 0.027154 

dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 2 isoform X1 

1 5931784 4658964 1.3 Down 0.027945 

aminoacyl tRNA synthase 

complex-interacting 

multifunctional protein 2 

isoform 1 

1 924532.6 612435.7 1.5 Down 0.028363 

G-protein coupled receptor 

family C group 5 member C, 

partial 

1 2728027 2061728 1.3 Down 0.028995 
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insulin-like growth factor 2 

mRNA-binding protein 3 

isoform X1 

1 6741634 5935718 1.1 Down 0.029123 

filamin-C isoform X1 1 707114.2 445536.2 1.6 Down 0.029307 

L-lactate dehydrogenase B 

chain isoform X1 
1 14975200 13071065 1.1 Down 0.029526 

condensin complex subunit 3 1 233738.2 107381 2.2 Down 0.030641 

PDZ domain-containing protein 

GIPC1 
1 242464.7 147558.4 1.6 Down 0.030906 

nuclear mitotic apparatus 

protein 1 isoform X1 
1 1336870 1115501 1.2 Down 0.031135 

L-lactate dehydrogenase A 

chain isoform X1 
1 2451829 1930013 1.3 Down 0.031507 

cathepsin D precursor  1 1974051 1542561 1.3 Down 0.031671 

GTP-binding nuclear protein 

Ran 
1 18846387 15739071 1.2 Down 0.031729 

arfaptin-1 isoform X2  1 824590.1 635619.4 1.3 Down 0.032144 

lanosterol 14-alpha demethylase 1 503630.4 391076.3 1.3 Down 0.032178 

T-complex protein 1 subunit 

theta 
1 2499771 1777203 1.4 Down 0.032407 

glucose-6-phosphate 1-

dehydrogenase isoform X1 
1 6137449 5132543 1.2 Down 0.032668 

epidermal growth factor 

receptor kinase substrate 8-like 

protein 2 isoform X1 

1 846764.4 678244.8 1.2 Down 0.032763 

T-complex protein 1 subunit 

gamma 
1 7456837 6036060 1.2 Down 0.032847 

AP-1 complex subunit beta-1 

isoform X1 
1 773484.7 381264.6 2.0 Down 0.033417 

leucyl-cystinyl aminopeptidase 1 506070.3 326661.4 1.5 Down 0.033697 

heat shock 70 kDa protein 4L  1 395518.8 222463.7 1.8 Down 0.034267 

myoferlin isoform X1 1 1068534 723931.3 1.5 Down 0.034435 

high mobility group protein B3 

isoform X1 
1 3431762 2631024 1.3 Down 0.034518 

proteasome subunit alpha type-

7  
1 8003393 7237237 1.1 Down 0.034791 
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protein transport protein 

Sec24A isoform X1 
1 529816.1 396588.5 1.3 Down 0.034816 

ornithine aminotransferase, 

mitochondrial isoform X1  
1 670565.2 509695.6 1.3 Down 0.035163 

keratin, type II cytoskeletal 3-

like 
1 1.45E+08 1.25E+08 1.2 Down 0.036019 

WD repeat-containing protein 1 1 4576016 3937631 1.2 Down 0.036773 

phosphoglucomutase-1 isoform 

X1  
1 1349387 1025080 1.3 Down 0.037569 

F-actin-capping protein subunit 

beta isoform X1 
1 113177.9 13011.78 8.7 Down 0.03954 

calcium uniporter protein, 

mitochondrial isoform X1 
1 420342.8 291384.5 1.4 Down 0.040179 

UMP-CMP kinase isoform 1 1 1630051 1235151 1.3 Down 0.040423 

microtubule-actin cross-linking 

factor 1 
1 996015.4 825169.8 1.2 Down 0.040494 

proteasome subunit alpha type-

1 
1 3062521 2767301 1.1 Down 0.040908 

V-type proton ATPase subunit 

S1 
1 150823.2 84967.24 1.8 Down 0.041397 

mannose-6-phosphate isomerase 1 400758.2 247029.6 1.6 Down 0.04157 

coatomer subunit delta  1 2849402 2442580 1.2 Down 0.041746 

aspartate--tRNA ligase, 

cytoplasmic isoform X1 
1 1390848 1100895 1.3 Down 0.042597 

thy-1 membrane glycoprotein 

isoform X1 
1 511542.7 193948 2.6 Down 0.043254 

clathrin heavy chain 1 isoform 

X1 
1 1530037 749600.1 2.0 Down 0.043365 

proteasome subunit beta type-2 1 753150.8 242021.5 3.1 Down 0.043652 

low-density lipoprotein receptor 

isoform X1 
1 1177989 823312.5 1.4 Down 0.043726 

ras-related protein Rab-8A 1 2766950 2223590 1.2 Down 0.043951 

general vesicular transport 

factor p115  
1 287626.4 234405.3 1.2 Down 0.044098 

mitochondrial proton/calcium 

exchanger protein  
1 543209.8 325454.6 1.7 Down 0.044219 
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ubiquitin-like modifier-

activating enzyme 1  
1 7831939 6896941 1.1 Down 0.044316 

septin-10 isoform X1  1 43939.61 21994.98 2.0 Down 0.045683 

heterogeneous nuclear 

ribonucleoprotein M isoform X1 
1 5753531 4744174 1.2 Down 0.046009 

spectrin beta chain, non-

erythrocytic 2 isoform X1  
1 122538.4 94282.63 1.3 Down 0.046496 

elongation factor 2 isoform X1 1 3538885 866154.5 4.1 Down 0.04661 

26S proteasome non-ATPase 

regulatory subunit 1 
1 2220636 1359287 1.6 Down 0.046741 

actin-related protein 2/3 

complex subunit 2 
1 1787233 1314734 1.4 Down 0.048958 

 


