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ABSTRACT - Pigs are susceptible to infections and inflammatory conditions 
throughout their life phases, requiring adequate nutrient intake to support immune 
defense functions. Trace elements such as zinc (Zn), selenium (Se), and copper (Cu) are 
crucial for immune competence and antioxidant defense. While nutritional guidelines 
define baseline requirements, the swine industry frequently adopts supranutritional 
levels of Zn, Cu, and Se to optimize health and performance. Therefore, this review 
explores the impacts of trace mineral supplementation (e.g., Zn, Cu, and Se) on pig 
health subjected to stressors such as heat stress, oxidative stress, and infections. 
Various experimental models replicate challenges faced on commercial farms, in which 
Zn supports immune function by stabilizing cell membranes, modulating cytokine 
expression, and strengthening the intestinal barrier through increased synthesis of 
tight junction proteins, which collectively help reduce inflammation and pathogen 
translocation. In turn, Cu contributes to immune defense via its bacteriostatic effects 
and its role as a cofactor in antioxidant enzymes like superoxide dismutase, which 
mitigates oxidative damage by neutralizing reactive oxygen species. Moreover, Se is 
essential for the synthesis of selenoproteins, which protect cells from oxidative stress 
by regulating redox reactions and enhancing glutathione peroxidase activity. These 
mechanisms, as demonstrated in recent studies, suggest that supplementing these trace 
minerals above standard dietary levels can significantly improve immune function, 
antioxidant defenses, and intestinal integrity in pigs, providing strategies to meet the 
physiological demands imposed by various stressors in pig production systems. 

Keywords: heat stress, immunological stressors, oxidative stress, pig health, swine, 
trace minerals

Maykelly da Silva Gomes¹ , Gabriel Cipriano Rocha¹ , Danyel Bueno 
Dalto2 , Damares de Castro Fidelis Toledo¹ , Jansller Luiz Genova¹*

¹ Universidade Federal de Viçosa, Departamento de Zootecnia, Laboratório Multiusuário de 
Biologia Muscular e Nutrigenômica, Viçosa, MG, Brasil.

² Agriculture and Agri-Food Canada, Sherbrooke Research and Development Centre, 
Sherbrooke, QC, Canada.

*Corresponding author:  
jansller.genova@ufv.br

Received: February 22, 2025
Accepted: April 6, 2025
How to cite: Gomes, M. S.; Rocha, G. C.; Dalto, D. 
B.; Toledo, D. C. F. and Genova, J. L. 2025. Impacts 
of trace minerals (zinc, copper, and selenium) 
supplementation on pig’s health under different 
challenge models. Revista Brasileira de 
Zootecnia 54:e20250041.
https://doi.org/10.37496/rbz5420250041

Editors:  
Ines Andretta
Vincenzo Tufarelli

Copyright: This is an open access article 
distributed under the terms of the 
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original work is properly cited.

1. Introduction

The swine industry faces numerous sanitary and environmental challenges that can significantly 
affect pig health and productivity (Le Floc’h et al., 2021; Gomes et al., 2023). These challenges 
include infectious diseases, environmental stressors, and management practices that can result in 
the overactivation of the immune system and oxidative stress in pigs (Pluske et al., 2018). Various 
challenge models have been employed to simulate commercial stress conditions, such as oxidative 
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stress, heat stress (HS) (Hong et al., 2024), and immunological stressors, such as infections from 
rotavirus (Tian et al., 2016), lipopolysaccharide (LPS) (Bergeron et al., 2017), porcine epidemic diarrhea 
virus (Yang et al., 2019), and enterotoxigenic E. coli (ETEC) (Lei and Kim, 2020). These models are 
essential for understanding how different stressors affect the physiological and immune responses in 
pigs and for developing strategies to mitigate these effects (Genova et al., 2020). For example, trace 
minerals such as Cu, Zn, and Se play crucial roles in maintaining the health of pigs (Pecora et al., 2020). 
These micronutrients are involved in various physiological functions, including immune response, 
antioxidant defense, and overall metabolic processes (Hao et al., 2021; Wang et al., 2023). However, the 
limited understanding of the specific requirements and effects of these micronutrients—both under 
normal and stress conditions—represents a barrier to their optimal use. Understanding the optimal 
levels and sources of supplementation is essential for maximizing their potential benefits (Pluske et al., 
2018). Therefore, this review aimed to provide an overview of the role of trace minerals (Zn, Cu, and Se) 
in immune function and antioxidant capacity, as well as the efficacy of dietary supplementation with 
these micronutrients on the immune status and intestinal health of pigs under different challenging 
conditions (e.g., infection, oxidative stress, and HS).

2. Development

2.1. Efficacy of dietary supplementation with minerals (Zn, Cu, and Se) on the immune status of 
challenged pigs

Farm animals commonly experience infections and inflammatory challenges throughout their life 
cycle. When pigs encounter pathogenic challenges, they require nutrients to support vital defense 
functions. These include the innate and acquired immune responses, as well as the replenishment 
of damaged or lost tissues (e.g., plasma, sloughed cells) (Patience et al., 2015). Similarly, when facing 
oxidative stress challenges, pigs need nutrients to maintain antioxidant defenses and repair damaged 
molecules (Hong et al., 2024).

Trace elements (e.g., Zn, Se, and Cu) play indirect and direct influences on ensuring the effective function 
of immune systems, as well as on maintaining antioxidant capacity (Pecora et al., 2020). Consequently, 
the daily intake of micronutrients necessary to support immune function during immunological stress 
may exceed current recommended dietary levels. Supplementation of Zn, Cu, and Se at levels above 
current recommendations (NRC, 2012; Rostagno et al., 2024) has been shown to support immune 
responses and foster antioxidant capacity in pigs across different production phases under various 
challenging conditions, including inflammation (Bergeron et al., 2017; Jiao et al., 2017), infection 
(Sargeant et al., 2010; Lv et al., 2020), oxidative stress (Jing et al., 2024), and HS (Espinosa et al., 2019; 
He et al., 2022).

2.2. Inflammation/infection models 

In commercial farms, pigs are exposed to several conditions that stimulate the immune system, such as 
pathogen exposure, early weaning, and suboptimal sanitary conditions. To replicate these challenges, 
several models have been established in scientific research, including the LPS, ETEC, and viral models 
(Wang et al., 2023; Hong et al., 2024), simulating the challenges that occur on commercial farms. Trace 
minerals (e.g., Zn, Cu, and Se) have been supplemented in the diet of immunologically challenged pigs 
at different concentrations and methods, aiming to maintain pig health and performance (Tian et al., 
2016; Bergeron et al., 2017; Yang et al., 2019; Lv et al., 2020). Numerous studies have investigated the 
effects of Zn supplementation in the diets of weaned pigs faced with immunological challenges (Slade 
et al., 2011; Chai et al., 2014a,b; Kim et al., 2015; Bergeron et al., 2017; Han et al., 2018; Lei and Kim, 
2020) (Table 1). The most frequently studied source of Zn in these investigations was ZnO administered 
at pharmacological levels, that is, at high concentrations (2400 ppm to 3100 ppm).
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Table 1 - Summary of studies about the use of zinc (Zn) in pig diets under challenging conditions

Zn Pig age (BW) Stress type/ 
Challenge Effect Reference

3100 mg/kg of ZnO Weaned pigs ETEC

↑: ADG; transcript abundance of adenosine 
deaminase and three metallothioneins.
↓: Expression of proteins associated with the 
innate immune response; chemokine genes, IL-8 
and MUC4.

Sargeant et al. 
(2010)

3100 mg/kg of ZnO Weaned pigs 
(7.3±0.1 kg) ETEC

↑: ADG and G:F; lactic acid bacteria to coliform ratio; 
villus height; goblet cell numbers.
↓: Coliform numbers.

Slade et al. 
(2011)

2500 mg/kg of ZnO Weaned pigs
Transmissible 
gastroenteritis 

virus

↑: ADG; effective epithelial area; MT1, ZnT1, and 
ZnT5; epithelial resistance.
↓: Fecal score; number of caspase-3-positive cells; 
IFN-α, OAS, ZIP4.

Chai et al. 
(2014b)

3000 mg/kg of ZnO Weaned pigs 
(5.9±0.1 kg) LPS ↑: ADG.

↓: Cortisol; diversity microbiota.
Namkung et al. 

(2006)

2400 mg/kg of ZnO or 
100 mg/kg of 
lipid-encapsulated ZnO

Weaned pigs ETEC
↑: ADG; goblet cells; ileum VH:CD ratio.
↓: Rectal temperature; excretion of ETEC K88; 
jejunum crypt depth.

Kim et al. 
(2015)

2500 mg/kg of ZnO Weaned pigs LPS
↑: Reduced and total GSH; metallothionein-1 
expression and TAC in the ileal mucosa.
↓: Plasma MDA, serum haptoglobin; TNF-α 

Bergeron et al. 
(2017)

2500 mg of ZnO or 
100–200 mg/kg of 
lipid-coated Zn

Weaned pigs ETEC
↑: Goblet cell density.
↓:  Rectal temperature; log10 CFU of the ETEC K88; 
IL-10 mRNA level.

Han et al. 
(2018)

2500 mg/kg of ZnO or 
1000 mg/kg of coated Zn 
oxide

Weaned pigs
 (6.5±0.8 kg) ETEC ↑: ADG, G:F, villus height, and VH:CD ratio.

↓: Serum IL-6 and TNF-α.
Lei and Kim 

(2020)

80 mg/kg of Zn lactate Weaned pigs
(9.5±0.2 kg)

Oxidative stress
(paraquat)

↑: ADG, ZO-1, villus height in the ileum; serum SOD, 
jejunal GSH, and serum and jejunal GSH:GSSG levels.
↓: Diarrhea, apoptosis rate of ileal epithelial cells; 
serum MDA and GSSG concentrations.

Tang et al. 
(2024)

220 mg/kg of Zn AA 
complex

Growing pigs
 (43±6 kg) Heat stress ↑: Ileal TER. Sanz Fernandez 

et al. (2014)

60 mg/kg of ZnSO4 + 
60 mg/kg of Zn AA 
complex

Growing pigs
(64±2.9 kg) Heat stress

↓: Rectal temperature; plasma urea nitrogen; 
HSP70 protein expression in colon.
↑: Plasma lysozyme, plasma lipopolysaccharide 
binding protein; VH:CD ratio.

Pearce et al. 
(2015)

120 mg/kg of ZnSO4
Growing pigs

(71±9 kg) Heat stress ↑: Serum tryptophan; lysine level in the liver and 
feces; acetic and propionic acid in cecal fluids.

Wang et al. 
(2016)

819 mg/kg of 
encapsulated Zn butyrate

Growing pigs 
(35±1 kg) Heat stress ↑: ADG and G:F. Mani et al. 

(2019)

2500 mg/kg of ZnO Weaned pigs 
(10.4±0.0 kg) Heat stress

↓: Population of Clostridium spp. in the ileum; 
TNF-α mRNA expression in the muscle; IL-4 mRNA 
expression in jejunum; HSP27 mRNA expression in 
the liver.

Yoon et al. 
(2020)

ADG - average daily gain; G:F - gain to feed ratio; IL-4, IL-6, IL-8, and IL-10 - interleukin 4, 6, 8, and 10; MT1 - metallothionein; ZnT1 and ZnT5 - 
zinc transporters SLC30A1 and SLC30A5; VH:CD ratio - villus height to crypt depth ratio; GSH - glutathione; MUC4 - mucin 4; IFN - interferon; 
OAS - oligoadenylate synthetase; ZIP4 - zinc transporter SLC39A4; MDA - malondialdehyde; TNF-α - tumor necrosis factor alpha; ZO-1 - zonula 
occludens-1; CFU - colony-forming units; ETEC K88 - enterotoxigenic Escherichia coli k88; GSSG - oxidized glutathione; HSP70, HSP27 - heat 
shock protein 70, 27; SOD - superoxide dismutase; GSH:GSSG - reduced to oxidized glutathione ratio; TER - transepithelial resistance, TAC - total 
antioxidant capacity.
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Enterotoxigenic E. coli-infected piglets have been used as a model for post-weaning diarrhea. For 
example, ETEC K88 strains cause piglet diarrhea by attaching fimbriae to intestinal receptors and 
releasing enterotoxins that increase intestinal fluid and electrolyte secretion (Sargeant et al., 2010; Wang 
et al., 2023), resulting in decreased feed intake and growth rate. Based on this, ZnO supplementation 
(3100 mg/kg diet) may improve piglet performance by reducing the degree of intestinal inflammation 
caused by ETEC infection (Sargeant et al., 2010; Slade et al., 2011). The lower degree of intestinal 
inflammation was associated with decreased expression of inflammation-related immune response 
genes (IL-8 and four CXC chemokines), altered expression of pathogen receptors (e.g., MUC-4), and 
reduced intestinal morphological damage (Sargeant et al., 2010). In the study conducted by Slade et al. 
(2011), pigs showed reduced fecal shedding of ETEC, improved small intestine morphology, increased 
numbers of villus goblet cells, and favorable changes in the lactic acid bacteria to coliform ratio. These 
changes were associated with increased rates of feed intake and growth compared to the control group 
infected with ETEC with no ZnO in the diet. These results suggest that ZnO supplementation may 
reduce the level of inflammation caused by ETEC infection (Sargeant et al., 2010; Slade et al., 2011).

The studies conducted by Kim et al. (2015) and Han et al. (2018) demonstrated that dietary 
supplementation of 100 ppm lipid-encapsulated ZnO is as effective as 2400 ppm to 2500 ppm ZnO 
in promoting intestinal morphology and reducing diarrhea in weanling pigs infected with ETEC. In 
addition, the supplementation increased growth performance and goblet cell density in the small 
intestine (Kim et al., 2015). Gene expression analysis suggests that lipid-encapsulated ZnO may play 
a role in epithelial barrier function and inflammation by modulating the expression of IL-10 (Han et al., 
2018). Additionally, the administration of a low dose (1000 mg of coated ZnO/kg, that is, a product 
protected with the use of a lipid matrix coating and contained 40% ZnO and 60% hydrogenated palm 
oil) showed effects similar to pharmacological levels of ZnO (2500 mg/kg) in alleviating the decrease 
in growth performance, controlling the severity of diarrhea, reducing the inflammatory response, and 
mitigating the deterioration of intestinal morphology induced by ETEC K88 infection in young pigs 
(Lei and Kim, 2020). 

Supplementation with pharmacological levels of ZnO (2500 mg/kg) was also evaluated in pigs infected 
with LPS, transmissible gastroenteritis virus, and porcine reproductive and respiratory syndrome 
virus (PPRSV) models (Chai et al., 2014a,b; Bergeron et al., 2017). In weanling piglets infected 
with E. coli LPS, those consuming a ZnO-supplemented diet showed improved antioxidant and 
inflammatory status. This included increased plasma GSH levels, decreased TNF-α concentrations, 
reduced plasma lipid oxidation, and lower haptoglobin concentrations (Bergeron et al., 2017). 
Additionally, supplementation of the post-weaning diet with high levels of ZnO resulted in an earlier 
and higher transmissible gastroenteritis virus-specific antibody response, modulation of cytokine 
expression, and prevention of disruption of intestinal barrier integrity (Chai et al., 2014b). However, 
Chai et al. (2014a) demonstrated that higher levels of dietary ZnO do not significantly stimulate or 
modulate systemic immune responses after vaccination and heterologous PRRSV infection.

Regarding Cu, the efficacy of the pharmacological level (250 ppm/kg diet) on improving growth 
performance and lowering diarrhea is well documented (Forouzandeh et al., 2022). In the diet of pigs 
infected with E. coli LPS, the addition of Cu (250 ppm/kg diet) improved the growth performance 
during the first two weeks post-weaning and alleviated the stress response (e.g., decreased plasma 
cortisol concentration) (Namkung et al., 2006) (Table 2). However, Cu decreased the diversity of colonic 
microbiota, as demonstrated by the analysis of the density spectra of PCR-DGGE DNA profiles of the 
microbiota (Namkung et al., 2006). In some cases, reduced diversity of the intestinal microbiota can 
make the gastrointestinal tract of pigs more susceptible to invasions and colonization by pathogens 
(Gomes et al., 2023). Dietary supplementation with Cu/Zn-loaded montmorillonite (Cu and Zn 
concentrations of 1.89 × 104 mg/kg and 3.72 × 104 mg/kg diet, respectively) also has a positive effect 
on improving intestinal integrity, possibly associated with the regulation of the expression of intestinal 
inflammatory cytokines via the TLR4 and TGF-β1 canonical Smad signaling pathway (Jiao et al., 2017).
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Less information has been found in the literature regarding the supplementation of Se in the diet of 
immunologically challenged pigs (Table 3). Lv et al. (2020) demonstrated that dietary supplementation 
of Se-enriched yeast (0.375 mg/kg diet) exerted effects on piglets after Salmonella typhimurium 
infection. Interestingly, Se-enriched yeast seemed to be more effective in enhancing growth performance 
and nutrient digestibility compared with sodium selenite at the same dosage. This could be attributed 
to the fact that Se-enriched yeast cells contain high levels of protein, B vitamins, fats, carbohydrates, 
and enzymes (Lv et al., 2020). Additionally, supplementation with Se-enriched yeast enhanced immune 
function and alleviated oxidative stress. This was evidenced by improved serum biochemical markers, 
such as increased IL-2, IL-6, IgG, and GPx levels (Lv et al., 2020).

2.3. Oxidative stress models

Adverse stimuli (e.g., thermal stress, unbalanced diet, or pollutants) during the pig’s life cycle in the 
production system eventually lead to an imbalance in redox levels in the body, resulting in oxidative 
stress (Hao et al., 2021). Oxidative stress can lead to an increase in intestinal permeability, compromising 
the function and integrity of the intestinal epithelial barrier (Hong et al., 2024). This imbalance can 
disrupt the microbiota, favoring the proliferation of pathogenic bacteria and potentially leading to 
diarrhea or reduced growth performance (Kim et al., 2015; Hao et al., 2021; Jing et al., 2024). Li et al. 
(2020) investigated a pig model subjected to chronic oxidative stress induced by D-galactose. Their 
findings revealed that D-galactose administration markedly affected growth performance, activities of 
SOD and GPx, suppressed related mRNA expression, elevated malondialdehyde (MDA) concentrations, 
disrupted intestinal microbiota, and altered serum amino acid profiles in pigs. Soybean glycinin (Sun et al., 
2009), paraquat (Tang et al., 2024), hoof lesions (Varagka et al., 2016), diquat solution (Doan et al., 
2020), diet formulated with aged corn, and oxidized oils (Silva-Guillen et al., 2020; Jing et al., 2024) are 
examples of challenges used in the literature to induce hypersensitivity and oxidative stress in pigs to 
assess the effect of trace minerals on the antioxidant capacity of pigs.

Paraquat induces redox imbalance by generating ROS through mitochondrial electron chain 
disruption, causing organ damage, and is commonly used to create oxidative stress models (Cai et al., 
2024). Tang et al. (2024) studied the effect of dietary Zn lactate (80 mg/kg) on intestinal oxidative 
stress in paraquat-exposed piglets. They found that Zn lactate supplementation regulated intestinal 
barrier function, as evidenced by upregulated mRNA of the scaffolding protein zonula occludens-1 

Table 2 - Summary of studies about the use of copper (Cu) in pig diets under challenging conditions

Cu Pig age (BW) Stress type/
Challenge Effect Reference

250 mg/kg of CuSO₄ Weaned pigs 
(5.9±0.1 kg) LPS ↑: ADG.

↓: Cortisol; diversity microbiota. 
Namkung et al. 

(2006)

Cu/Zn-loaded montmorillonite 
Cu (1.89×104 mg/kg) and 
Zn (3.72×104 mg/kg)

Weaned pigs 
(6.7±0.6 kg) LPS

↑: TER, TGF-β1 in mRNA, and protein 
levels; TβRII, Smad4, and Smad7 mRNA 
expressions.
↓: FD4; TNF-α, IL-6, IL-8, and IL-1β mRNA 
expression; TLR4, MyD88, IRAK1, TRAF6 
mRNA levels; NF-κB p65 protein expression.

Jiao et al. 
(2017)

Zn (125 mg/kg), Cu (15 mg/kg), 
Mn (40 mg/kg), partially 
substituting inorganic

Sows Hoof lesions ↓: Total claw lesion score. Varagka et al. 
(2016)

100 mg/kg of Cu hydroxychloride Weaned pigs 
(6.1±0.9 kg) Heat stress ↑: G:F and ADG; PYY concentration.

↓: Fecal scores; TNF-α concentration.
Espinosa et al. 

(2019)

ADG - average daily gain; TER - transepithelial resistance; TGF-β1 - transforming growth factor beta 1; TβRII - TGFβ  type II receptor; Smad4 
and Smad7 - mothers against decapentaplegic homolog 4 and 7; G:F - gain to feed ratio; FD4 - fluorescein isothiocyanate dextran 4 kDa; TNF-α - 
tumor necrosis factor alpha; IL-6, IL-8, IL-1 β - interleukin 6, 8,1 beta; TLR4 - toll-like receptor 4; MyD88 - myeloid differentiation primary response 
gene 88; IRAK1 - interleukin-1 receptor-associated kinase 1; PYY - peptide YY; TRAF6 - TNF receptor-associated factor 6; NF-κB p65 - nuclear factor 
kappa-B p65 subunit.
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Table 3 - Summary of studies about the use of selenium (Se) in pig diets under challenging conditions

Se Pig age (BW) Stress type/ 
Challenge Effect Reference

0.375 mg/kg of 
Se yeast

Weaned pigs 
(6.4±0.5 kg)

Salmonella 
typhimurium

↑: ADFI; digestibility of dry matter, CP, crude fat; CD4+ 
and CD3+ cells concentration; IgG, CAT, NO, CRP, IL-2, and 
IL-6 levels.
↓: Amount of Escherichia coli in feces; CD8+ cells 
concentration; IgA levels.

Lv et al. 
(2020)

250 mg/kg of 
Se-enriched yeast

Weaned pigs 
(7.3±0.1 kg)

Oxidative stress 
(diquat solution)

↑: ADG, ADFI; villus height and VH:CD ratio; abundance 
ZO-1; GPx and CAT activities; Nrf2, HO-1, SGLT1, BCL-2 
mRNA.
↓: Serum DAO and D-lactic acid; apoptosis rate; MDA 
activity; caspase-3 mRNA.

Liu et al. 
(2020)

250 mg/kg of 
Se-enriched yeast

Weaned pigs 
(7.3±0.1 kg)

Oxidative stress 
(diquat solution)

↑: Digestibility of CP, ash, and GE; serum IgA, IgG; SOD, 
CAT, and GPx activities; expression of Nrf-2 and HO-1.
↓: Serum TNF-α, IL-1β, IL-6, GPT, and GOT; MDA 
concentrations; expression levels of TNF-α, IL-6, IL-1β, 
TLR-4, and NF-κB.

Liu et al. 
(2021)

0.3 mg/kg of 
Se-enriched yeast

Weaned pigs 
(9.7±1.3 kg)

Oxidative stress 
(diquat solution)

↑: GPx and SOD in liver.
↓: Leucocytes, neutrophils, lymphocytes profiles; 
cortisol concentration.

Doan et al. 
(2020)

0.6 or 0.9 mg/kg of 
Se hydroxy-
selenomethionine

Growing pigs 
(25.0±3.0 kg)

Oxidative stress 
(diet formulated 
with aged corn 

and oxidized oils)

↑: Antioxidant capacity in serum, spleen, and thymus; 
IFN-β, IL-6, IL-10, and MCP1 mRNA.
↓: Spleen and thymus index; serum IL-1β and IL-6 levels; 
IL-8 and TNF-α mRNA.

Jing et al. 
(2024)

0.46 mg/kg of 
Na2SeO3 and 
Se-enriched probiotics

Weaned pigs 
(7.9±0.5 kg) Heat stress

(Se-enriched probiotics) ↑: ADG and FCR.
(Both) ↑:  Blood glutathione peroxidase activity; tissue 
thioredoxin reductase 1 mRNA, SOD activity, GSH 
content, T-cell receptor proliferation, IL-2 concentration.
↓: MDA content.

Gan et al. 
(2014)

0.46 mg/kg of 
Se-enriched probiotics

Weaned pigs 
(7.9±0.2 kg) Heat stress

↑: ADG; GPx activity; serum T3; fecal counts of 
lactobacillus bacteria.
↓: FCR, diarrhea; serum T4; fecal counts of E. coli.

Lv et al. 
(2015)

0.4 and 0.6 mg/kg 
of 2-hydroxy-4-
methylselenobutanoic 
acid

Growing pigs 
(49.2±2.0 kg) Heat stress

↑: Villus height and VH:CD ratio.
↓: Protein abundance of HSP70; MDA content; OCLN 
abundance, MCP-1, IL-6, IL-1β, TNF-α, IL-8, ICAM-1, 
and TGF-β mRNA expression; GPx1, GPx2, GPx3, GPx4, 
SELENOF, SELENOK, SELENOT, SELENOP, SELENOW 
mRNA expression.

He et al. 
(2022)

0.4 and 0.6 mg/kg 
of hydroxy-
selenomethionine

Growing pigs 
(49.6±2.4 kg) Heat stress

↑: GPx1, GPx3, GPx4, SELENOS, and SELENOF mRNA 
expression; protein expression of Nrf2.
↓: IgG; protein abundance of p38, caspase 3, and Bax; 
phosphorylation level of NFκb and STAT3; Keap1 protein 
abundance; ICAM-1, IL-6, IL-8, and iNOS-1 mRNA 
expression.

Liu et al. 
(2023)

0.50 mg/kg of 
nanoparticles-Se

Sows
(90-107 d of 
pregnancy)

Heat stress

↑: Serum SOD, GPx, and CAT in piglets; Serum IgG 
concentration in sow and piglets.
↓: Serum MDA in piglets; HSP27 mRNA levels in sows 
and piglets.

Li et al. 
(2022)

1.2 mg/kg of 
Se-enriched yeast

Sows (85-109 d 
of gestation) Heat stress

↓: Colostrum and plasma MDA content.
↑: Piglet pre-weaning survival; colostrum and milk 
composition; plasma GPx activity; plasma IgA, IgM, and 
IgA levels in colostrum and milk.

Chen et al. 
(2019)

ADFI - average daily feed intake; ADG - average daily gain; FCR - conversion ratio; CP - crude protein; CD3+, CD4+, CD8+ cells - cluster of differentiation 
3, 4, and 8 (a type of T cell); IgG, IgA, IgM - immunoglobulin G, A, M; CAT - catalase; NO - nitric oxide; SOD - superoxide dismutase; CRP - C-reactive 
protein; IL-2, IL-6, IL-1β, IL-8, IL-10 - interleukin 2, 6, 1 beta, 8, 10; VH:CD ratio - villus height to crypt depth ratio; ZO-1 - zonula occludens-1; 
p38 - class of mitogen-activated protein kinases; Bax and Caspase 3 - apoptosis-associated proteins; Nrf2 - nuclear factor erythroid-2-related 
factor 2; HO-1 - heme oxygenase 1; SGLT1 - sodium-glucose cotransporter 1; BCL-2 - B-cell lymphoma-2; GE - gross energy; GSH - glutathione; 
IFN - interferon; MCP1 - monocyte chemoattractant protein-1; T3 - triiodothyronine; T4 - thyroxine; OCLN - occludin; ICAM-1 - intercellular 
adhesion molecule 1; TGF-β - transforming growth factor β; GPx, GPx1, GPx2, GPx3, GPx4 - glutathione peroxidase 1, 2, 3, and 4; SELENOF, SELENOK, 
SELENOT, SELENOP, SELENOW, SELENOS - selenoproteins F, K, T, P, W, S; HSP27 and HSP70 - heat shock protein 27 and 70; DAO - diamine oxidase; 
MDA - malondialdehyde; TNF-α - tumor necrosis factor alpha; GPT - glutamic-pyruvic transaminase; GOT - glutamic-oxaloacetic transaminase; 
TLR-4 - toll-like receptor 4; NF-κB - nuclear factor-κB; STAT3 - signal transducer and activator of transcription 3; Keap1 - kelch-like erythroid 
cell-derived protein with CNC homology-associated protein 1; iNOS-1 - inducible nitric oxide synthase 1.
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(ZO-1), which strengthens tight junctions (TJ) and thereby reduces intestinal permeability, contributing 
to intestinal homeostasis and protection against inflammation (Huang et al., 2023), increases jejunal 
and ileal villus heights, and reduces intestinal permeability. In addition, the antioxidant capacity and 
immune response were also enhanced. Dietary Zn lactate supplementation reduced serum IL-1β levels 
and jejunal IFN-γ mRNA abundance, while upregulating the mRNA expression of IL-10 in stressed 
piglets. Additionally, it inhibited constitutive androstane receptor activation to maintain intestinal redox 
homeostasis, and increased the diversity and improved composition of the intestinal microbiota, 
including the abundance of beneficial intestine microorganisms. These findings suggest that Zn lactate 
plays a protective role against oxidative stress, which can lead to a reduction in diarrhea and an 
improvement in average daily gain (ADG) of piglets, as observed in the same study (Tang et al., 2024).

Diquat is a bipyridyl herbicide that can utilize molecular oxygen to generate the superoxide anion 
radical (Doan et al., 2020; Hong et al., 2024). Exposure to diquat is a well-established method to induce 
oxidative stress (Hong et al., 2024). Doan et al. (2020) investigated the antioxidant effects of different 
Se sources (sodium selenite, soybean protein-chelated Se, and selenized yeast) supplemented at 
0.3 mg of Se/kg on the resilience to diquat-induced oxidative stress in nursery pigs. Selenized yeast 
exhibited the most consistent antioxidant effects compared with other sources, enhancing endogenous 
antioxidant activity in various aspects, including reduced plasma cortisol levels, and increased plasma 
glutathione peroxidase (GPx) and superoxide dismutase (SOD) activity. Dietary supplementation 
with 250 mg of Se-enriched yeast/kg also mitigated the adverse effects of diquat injection on growth 
performance, oxidative stress, and inflammatory response, as demonstrated in the study by Liu et al. 
(2021). Specifically, the expression levels of TNF-α, IL-6, IL-1β, toll-like receptor 4 (TLR-4), and NF-κB 
in the liver and thymus were downregulated by Se yeast following diquat challenge. Additionally, Se 
yeast improved antioxidative activity, evidenced by increased activities of antioxidant enzymes such 
as SOD, catalase (CAT), and GPx. It also reduced MDA concentrations in the liver, thymus, and serum 
(Liu et al., 2021).

Additionally, in a previous study, Liu et al. (2020) observed similar results regarding antioxidant 
capacity when supplementing the diet of pigs exposed to a diquat challenge with Se-enriched yeast 
(250 mg/kg diet). The supplementation also attenuated oxidative stress-induced intestinal mucosa 
disruption, as evidenced by decreased serum concentrations of diamine oxidase and D-lactic acid, and 
improved intestinal barrier functions, including elevated villus height and the villus height to crypt 
depth ratio, improved distribution and abundance of ZO-1 in the jejunum epithelium, and decreased 
the total apoptosis rate of intestinal epithelial cells. These results demonstrate that Se-enriched yeast 
plays a key role in antioxidant and anti-inflammatory capacities, as well as in the improvement of 
intestinal barrier functions (Doan et al., 2020; Liu et al., 2020; Liu et al., 2021).

A diet formulated with aged corn and oxidized oils is considered a form of oxidative stress. Dietary 
supplementation with hydroxy-selenomethionine (0.6 or 0.9 mg of Se/kg) exhibited immune-protective 
effects in pigs, mitigating dietary oxidative stress by increasing antioxidant capacity (e.g., increased 
the activity of GPx and total antioxidant capacity (TAC), and decreased the content of MDA in serum, 
spleen, and thymus) and inhibiting the production of serum inflammatory cytokines IL-1β, IL-6, 
and TNF-α. Selenium supplementation also increased the expression of the selenotranscriptome in 
the thymus, with 10 selenoproteins identified as key in protecting against oxidative stress-induced 
inflammatory responses (Jing et al., 2024). 

2.4. Heat stress models

Heat stress has a negative impact on the growth performance, reproduction, and overall health of pigs 
(Liu et al., 2023). In response to HS, pigs undergo immediate physiological changes, such as redirecting 
blood flow to the periphery for heat dissipation. This shift reduces blood flow to the gastrointestinal 
tract, leading to decreased oxygen levels (hypoxia) and nutrient supply, affecting gastrointestinal 
integrity and barrier function (Ortega and Szabó, 2021). Heat stress is linked to a decreased expression 
of junction proteins, compromising the intestinal barrier, allowing for bacterial influx and induction 
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of oxidative stress (Pearce et al., 2013; Xia et al., 2022). Furthermore, prolonged HS that is called 
chronic heat stress (CHS) disrupt redox homeostasis and suppress immune system components, 
thereby increasing the risk of animal diseases, including an inflammatory reaction (Liu et al., 2023). 
These factors reduce feed intake and nutrient absorption, ultimately decreasing growth performance. 
Therefore, developing nutritional strategies (e.g., supranutritional mineral plans) to mitigate the 
negative effects of HS is crucial.

Different sources and dosages of Zn supplementation have been used in the diet of pigs challenged 
by HS, and have consistently shown benefits toward animal health. Sanz Fernandez et al. (2014) 
demonstrated that supplementing with Zn amino acid complex (ZnAA) at an appropriate dose (220 
mg/kg) can improve the transepithelial electrical resistance of small intestinal integrity in growing 
pigs (43±6 kg BW) during severe HS. Moreover, ZnAA supplementation, providing 120 mg/kg Zn 
(60 mg from sulfate and 60 mg from organic Zn), improved several aspects of intestinal integrity 
in growing pigs (64±2.9 kg BW) under HS (Pearce et al., 2015). These effects were accompanied 
by increased epithelial resistance, maintained epithelial cell morphology, decreased circulating 
endotoxin, increased acute phase response, and improvements in blood markers of muscle catabolism, 
as indicated by decreased plasma urea nitrogen (Pearce et al., 2015).

Interestingly, a comprehensive metabolomic analysis of diverse biological samples revealed significant 
metabolic effects induced by HS and subtle metabolic changes associated with diets supplemented 
with ZnSO4 (120 ppm) and ZnAA (120 ppm) in growing pigs (71±9 kg BW) (Wang et al., 2016). Notably, 
ZnSO4 supplementation led to higher concentrations of short-chain fatty acids (SCFA), mainly acetic 
and propionic acid, in cecal fluid. Since SCFA in cecal fluid originate from microbial fermentation, this 
observation suggests that ZnSO4 may enhance these fermentation activities, especially the formation of 
acetic acid (Wang et al., 2016). Additionally, supplementation with Zn butyrate (819 mg Zn/kg diet) in 
growing pigs (35±1 kg BW) can maintain a higher growth rate and improve feed efficiency during 
HS, suggesting that Zn butyrate could be a suitable additive for maintaining pig health, especially 
during HS conditions (Mani et al., 2019). Zinc oxide at pharmacological levels (2500 mg/kg) was also 
evaluated in the diet of weaned piglets subjected to HS (Yoon et al., 2020). This supplementation 
showed benefits related to microbial composition, as demonstrated by the lower population of 
Clostridium spp. in the ileum, and the immune status of weaned piglets (Yoon et al., 2020). Thus, 
ZnO, besides benefiting the immune status of immunologically challenged piglets, can also be used to 
mitigate the negative impact of HS.

Regarding the trace mineral Cu, supplementation with Cu-H (100 mg Cu/kg diet) improved ADG from 
day 15 to 28 of the experimental period and during exposure to HS. Additionally, fecal scores were 
reduced throughout the period (Espinosa et al., 2019). There was also an increase in the concentration 
of peptide YY and a reduction in the concentration of TNF-α on day 14 of the experimental period 
for pigs fed diets with Cu-H. The authors theorized that these results could be attributed to the effect 
of Cu in increasing the expression of hypothalamic appetite regulators and the bacteriostatic nature of 
Cu-H in reducing inflammation caused by pathogens (Espinosa et al., 2019).

Several sources and dosages of Se supplementation were employed in the diet of pigs subjected to 
HS, consistently demonstrating benefits for animal health. Some studies have shown that dietary 
supplementation of Se-enriched probiotics (0.46 mg/kg) can improve animal growth performance, 
immune function, antioxidative capacity, thyroid function, and create a more stable and healthy 
gastrointestinal ecosystem (evidenced by higher fecal Lactobacillus bacteria counts and lower E. coli 
counts, as well as a reduction in the diarrhea occurrence) in post-weaning piglets raised under high 
ambient temperatures (25 to 40 °C) (Gan et al., 2014; Lv et al., 2015). The beneficial effects of the 
Se-enriched probiotics product may be attributed to the additive or synergistic effect between probiotics 
and Se. Alternatively, these effects may be enhanced by the organic Se source, which can potentiate 
antioxidant effects (Gan et al., 2014).

Furthermore, Liu et al. (2023) demonstrated that dietary Se supplementation (0.4 or 0.6 mg of Se/kg) 
in the form of hydroxy-selenomethionine, exceeding nutritional requirements (NRC, 2012), alleviates 
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oxidative damage induced by CHS. This effect was indicated by increased splenic GPx and TAC 
activity, along with reduced MDA content. Additionally, Se supplementation mitigated apoptosis and 
inflammation, as evidenced by lower HSP70 expression, decreased serum concentrations of IgG and 
IL-6, suppression of inflammation-related signaling pathways (NF-κB, STAT1, and STAT3), and reduced 
mRNA expression of ICAM-1, IL-6, and IL-8 in the spleen of pigs (Liu et al., 2023). 

Moreover, hydroxy-selenomethionine supplementation restored the expression of genes encoding 
selenoproteins to control levels. Among these genes, GPX1, GPX3, and GPX4—key members of the GPx 
family of antioxidant enzymes—play essential roles in maintaining cellular redox balance, reducing 
inflammation and enhancing immune function (He et al., 2022). Consistent with these findings, dietary 
supplementation with 2-hydroxy-4-methylselenobutanoic acid (0.4 or 0.6 mg of Se/kg, exceeding 
nutritional requirements) exerted protective effects on the intestinal barrier and immune function 
in heat-stressed pigs, mediated by selenoprotein-related responses (He et al., 2022). In summary, 
the chain of events from HS to oxidative stress follows a flow described by: exposure to heat stress, 
cellular heat shock response, mitochondrial dysfunction, onset of oxidative stress, lipid peroxidation 
and inflammatory cascade, and apoptosis and immune dysfunction.

Sows experiencing HS, especially during gestation, exhibit symptoms such as increased breathing 
rate, constipation, significant metabolic strain, and reduced litter size (Wang et al., 2023). When 
supplemented in sow diets at a level of 0.50 mg of nano-selenium/kg, it demonstrated a reduction in 
oxidative damage caused by HS, improving the immune defenses of sows and piglets with intrauterine 
growth restriction (IUGR) (Li et al., 2022). This was evidenced by the increase in serum SOD, GPx, and 
CAT activities in IUGR piglets, an increase in serum IgG concentration in sow, and the regulation of 
mRNA levels of HSP70 and HSP27, indicating the benefits for sows and IUGR piglets exposed to HS 
(Li et al., 2022). Furthermore, increasing Se supply to 1.2 mg/kg in the form of Se-enriched yeast for 
heat-stressed sows improved pre-weaning piglet survival, colostrum and milk composition, as well as 
maternal Se status, antioxidant capacity, and immunoglobulin transfer (Chen et al., 2019).

It is important to note that Se works synergistically with vitamin E and is more readily absorbed in 
its presence (Pecoraro et al., 2022). Dietary Se (1.0 ppm) and vitamin E (200 IU/kg) levels greater 
than those usually recommended for pigs mitigated the impacts of HS on intestinal barrier integrity, 
associated with a reduction in oxidative stress (Pecoraro et al., 2022). Liu et al. (2016) demonstrated 
that high Se and vitamin E doses resulted in an increase in GPx-2 mRNA abundance and GPx activity, 
a decrease in the oxidized to reduced GSH ratio, and reduced impacts of HS on intestinal barrier 
function, as indicated by both transepithelial resistance and FD4 permeability. Huang et al. (2023) 
also observed improvement in intestinal integrity, for example, α-tocopherol (20 mg/kg to 50 mg/kg) 
enhanced the expression of TJ proteins in the intestine and inhibited permeability under normal 
healthy conditions, both in vivo and in vitro.

Another approach used by studies in the literature is the provision of a diet fortified with vitamins and 
microminerals at elevated levels and in combination (Liu et al., 2016; Ortega et al., 2022; Ortega et al., 
2023). Supplementation of vitamins and microminerals at different levels (vitamin C at 150 mg/kg, 
vitamin E at 41 mg/kg, Zn at 100 mg/kg, and Se at 0.21 mg/kg) in pigs under CHS conditions (30 °C 
for three weeks) improved growth performance (Ortega et al., 2022). Ortega et al. (2023) demonstrated 
that increasing the dietary antioxidant levels in diet, both at medium (vitamin C at 150 mg/kg, 
vitamin E at 41 mg/kg, Zn at 100 mg/kg, and Se at 0.21 mg/kg) and higher (vitamin C at 300 mg/kg, 
vitamin E at 71 mg/kg, Zn at 150 mg/kg, and Se at 0.26 mg/kg) levels, resulted in higher digestibility 
and/or retention of dry matter, crude protein, crude fiber, calcium, sodium, Zn, and Se. The authors 
attributed these results to the benefits of dietary antioxidants in alleviating the damage induced by HS 
in intestinal epithelial cells. This improvement in intestinal barrier integrity and function could lead to 
enhanced digestibility (Ortega et al., 2023). The supplementation also increased the gene expression 
level of the anti-inflammatory cytokine IL-10, decreased the mRNA level of the pro-inflammatory 
TNF-α, and lowered the mRNA expression of HSP70 (Ortega et al., 2023).
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2.5. Dose requirements of trace minerals (Zn, Cu, and Se) for pig under challenging conditions

The recommended and practical levels of these trace minerals for pigs and sows are shown in 
Tables 4 and 5, respectively. Most of the literature evaluating Zn supplementation in the diets of pigs 
under challenging conditions used pharmacological levels of ZnO (2400 to 3100 mg/kg). These levels 
are well established to benefit the intestinal integrity and absorptive capacity of the mucosa of weaned 
piglets (Slade et al., 2011; Chai et al., 2014b). In fact, animals under immunological challenge benefited 
from the pharmacological levels. However, other sources of Zn used at certain dosages have also been 
shown to benefit pigs under challenging conditions: 100 ppm encapsulated ZnO (Kim et al., 2015) and 
100 to 200 ppm lipid-coated ZnO for ETEC model (Han et al., 2018); 80 mg of Zn lactate/kg for 
paraquat model (Tang et al., 2024); and 220 mg of Zn AA complex/kg (Sanz Fernandez et al., 2014), 
120 mg of Zn sulfate + Zn AA complex/kg (Pearce et al., 2015), 120 mg of ZnSO4/kg (Wang et al., 2016), 
and 819 mg of encapsulated Zn butyrate/kg under HS (Mani et al., 2019). In summary, administering 
low doses of these sources had comparable effects to pharmacological levels of ZnO in mitigating 
the damage caused by imposed stress conditions in weaned and growing pigs, without the concerns 
typically associated with high-dose ZnO supplementation.

There is limited evidence in the literature regarding the levels of supplemental Cu in diets for pigs 
under challenging conditions, highlighting the need for further studies. Research findings indicate that 

Table 4 - Recommended and practical levels of trace minerals (Cu, Zn, and Se) in nursery, growing and finishing 
diets for pigs

Phase,
days of age Item

Trace minerals (mg/kg diet)
Reference

Cu Zn Se
5.7 93.3 0.28 NRC (2012)

Recommendations (health status)
16.2 146.7 0.44 Rostagno et al. (2024)
20.0 130.0 0.34 Genetic A

Nursery,
21 to 70 d

17.6 127.6 0.30 Genetic B

138.1 1241.0 0.29 Flohr et al. (2016) – US

Practical industry levels
129.9 1106.9 0.37 Dalto and Silva (2020) – Brazil
76.7 314.6 0.35 Yang et al. (2021) – China
99.0 1240.8 0.30 Faccin et al. (2023) – US

3.8 55.0 0.18 NRC (2012)
10.5 95.3 0.29 Rostagno et al. (2024)

Recommendations (health status) 18.0 122.5 0.34 Genetic A
85.0 120.0 0.40 Genetic B

Growing,
70 to 110 d

14.5 104.4 0.30 Genetic C

97.8 91.8 0.26 Flohr et al. (2016) – US

Practical industry levels
99.1 103.4 0.29 Dalto and Silva (2020) – Brazil
21.1 61.0 0.32 Yang et al. (2021) – China
60.8 95.7 0.28 Faccin et al. (2023) – US

3.0 50.0 0.15 NRC (2012)
7.3 65.9 0.20 Rostagno et al. (2024)

Recommendations (health status) 14.0 100.0 0.30 Genetic A

Finishing,
110 to 170 d

150.0 120.0 0.45 Genetic B
10.4 74.0 0.28 Genetic C

74.6 79.3 0.23 Flohr et al. (2016) – US

Practical industry levels
85.8 89.5 0.27 Dalto and Silva (2020) – Brazil
18.5 62.2 0.34 Yang et al. (2021) – China
41.6 81.5 0.24 Faccin et al. (2023) – US
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supplementing the diet of weaned pigs with 250 ppm of Cu from Cu sulfate using an LPS challenge 
model (Namkung et al., 2006) and 100 mg of Cu/kg from Cu-H under HS conditions (Espinosa et al., 
2019) has been shown to enhance performance and immune status. The suggested levels of Cu by 
nutritional requirement tables for the weaned pig phase are approximately 5.7 mg/kg diet (NRC, 
2012) and 16.2 mg/kg diet (Rostagno et al., 2024). The practical levels used by the swine industry 
in this same phase is approximately 250 mg/kg (Dalto and Silva, 2020; Forouzandeh et al., 2022). 
However, in some countries, a reduced authorized maximum level of Cu in feed has been proposed due 
to environmental concerns.

Based on findings from several studies and reviews on Se and immunity, there is consistent evidence 
showing the effectiveness of Se dietary supplementation in maintaining homeostasis in several 
metabolic processes in pigs (Dalgaard et al., 2018; Pecoraro et al., 2022; Zheng et al., 2022; Wang et al., 
2023). Therefore, Se supplementation could serve as a nutritional strategy to help animals reduce the 
negative effects on their production performance and health during challenging conditions. However, 
the effective dosage varies depending on the source of Se product used. For weaned and growing pigs, 
the dosage varies between 0.3 and 0.46 mg Se/kg diet for most evaluated sources: sodium selenite 
(Gan et al., 2014), Se-enriched yeast (Doan et al., 2020; Lv et al., 2020), Se-enriched probiotics (Gan 
et al., 2014; Lv et al., 2015), 2-hydroxy-4-methylselenobutanoic acid (He et al., 2022), and hydroxy-
selenomethionine (Liu et al., 2023). Even higher levels such as 0.6 and 0.9 mg Se/kg diet have also been 
shown to be effective with the sources hydroxy-selenomethionine (Jing et al., 2024; Liu et al., 2023) 

and 2-hydroxy-4-methylselenobutanoic acid (He et al., 2022), but care must be taken due to possible 
toxicity and interactions with other minerals. For pregnant and lactating sows under challenging 
conditions, the levels found in the literature that have been shown to benefit sow reproduction are 
0.50 mg of Se/kg diet using nano-Se (Li et al., 2022) and 1.2 mg of Se/kg diet using Se-enriched yeast 
(Chen et al., 2019). 

Table 5 - Recommended and practical levels of trace minerals (Cu, Zn, and Se) in gestation and lactation diets 
for sows

Phase Item
Trace minerals (mg/kg diet)

Reference
Cu Zn Se

10.0 100.0 0.15 NRC (2012)
15.2 137.4 0.42 Rostagno et al. (2024)

Recommendations (health status)
75.0 185.0 0.40 Genetic A
15.0 102.0 0.25 Genetic B
15.0 100.0 0.40 Genetic C

Gestation 15.0 125.0 0.30 Genetic D

16.1 123.0 0.29 Flohr et al. (2016) – US

Practical industry levels
64.3 110.8 0.35 Dalto and Silva (2020) – Brazil
18.1 72.4 0.35 Yang et al. (2021) – China
17.6 127.8 0.30 Faccin et al. (2023) – US

20.0 100.0 0.15 NRC (2012)
15.2 137.4 0.42 Rostagno et al. (2024)

Recommendations (health status)
62.5 170.0 0.30 Genetic A
15.0 113.0 0.25 Genetic B
15.0 100.0 0.40 Genetic C

Lactation 15.0 125.0 0.30 Genetic D

16.1 123.0 0.29 Flohr et al. (2016) – US

Practical industry levels
54.1 110.0 0.36 Dalto and Silva (2020) – Brazil
18.1 71.6 0.35 Yang et al. (2021) – China
17.6 125.3 0.30 Faccin et al. (2023) – US
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3. Conclusions and future perspectives

Supplementation of Zn, Cu, and Se above standard requirements enhances immune function and 
mitigates oxidative stress under various challenge models, potentially improving overall health and 
performance. Several studies highlighted in this review have suggested that administering low doses 
of various Zn sources can effectively mitigate stress damage in weaned and growing pigs. Copper 
supplementation has been suggested to benefit pigs facing challenges such as LPS exposure and heat 
stress, showing improvements in growth performance and reduced stress responses. The biological 
functions of Se are largely mediated through its incorporation into selenoproteins, many of which are 
key antioxidant enzymes. The benefits of Se supplementation have been indicated in oxidative stress 
and heat stress models in weaned and growing pigs and in sows.

Overall, more studies are needed to evaluate the different sources and levels of supplementation and 
their effects on immune response and antioxidant capacity in pigs under challenging conditions. 
Further investigation into the supplementation of these trace minerals in specific challenging 
conditions can provide valuable insights for the formulation of more effective diets for pigs in modern 
production systems.
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