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ABSTRACT

Selenium (Se), one of the indispensable nutrients for both human health and animal growth, participates
in various physiological functions, such as antioxidant and immune responses and metabolism. The role
of dietary Se, in its organic and inorganic forms, has been well documented in domestic animals.
Furthermore, many feeding strategies for different animals have been developed to increase the Se
concentration in animal products to address Se deficiency and even as a potential nutritional strategy to
treat free radical-associated diseases. Nevertheless, studies on investigating the optimum addition of Se
in feed, the long-term consequences of Se usage in food for animal nutrition, the mechanism of metallic
Se nanoparticle (SeNP) transformation in vivo, and the nutritional effects of SeNPs on feed workers and
the environment are urgently needed. Starting from the absorption and metabolism mechanism of Se,
this review discusses the antioxidant role of Se in detail. Based on this characteristic, we further
investigated the application of Se in animal health and described some unresolved issues and unan-
swered questions warranting further investigation. This review is expected to provide a theoretical
reference for improving the quality of food animal meat as well as for the development of Se-based
biological nutrition enhancement technology.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Selenium (Se) has been reported to be one of the essential trace
elements influencing the physiological function and growth per-
formance of animals (Ferro et al., 2021). However, Se concentra-
tions exceeding the biological requirements may lead to acute and
chronic poisoning (Chantiratikul et al., 2018). Concerning livestock
and poultry production, researchers have proposed that supple-
mentation with appropriate Se doses not only plays a critical role
in improving slaughter performance and the quality of livestock
and poultry products but also promotes the enrichment of Se in
animal tissues, thereby producing functional livestock products.
Conversely, an overdose of Se generates oxygen radicals and
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results in apoptosis by inducing oxidation and cross-linking of
protein thiol groups essential for cell survival.

Based on the mechanisms of absorption and metabolism, this
paper focuses on the roles of Se compounds, both organic and
inorganic forms, in the defense against oxidants as well as their
potential pro-oxidant properties. Based on these contrasting roles,
we further discuss the effect of Se on the quality of livestock and
poultry meat, providing a reference for research on biological Se
enrichment technology and the development of Se-rich products.

1. Species of selenium

Se additives in animal feed are divided into 2 main forms:
organic Se and inorganic Se. The general consensus is that organic
Se, in the form of both selenoamino acids and Se-enriched yeast
(SY), is more effective than inorganic Se at increasing growth per-
formance, antioxidant status, and tissue Se concentration, as well as
in improving the meat quality of livestock, mainly due to its higher
bioavailability and tissue retention. Inorganic Se exists in the form
of Se compounds with diverse valence states, including selenite
(Se03%7), selenate (SeO427), selenium (Se) and selenide (Se?")
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(Kieliszek, 2021). Se nanoparticles (SeNPs), inorganic Se molecules
designed by regulating shape and size of the particle at the nano-
meter scale, have become an interesting topic of research in recent
years. Compared with organic and traditional inorganic forms,
SeNPs have been regarded as a promising feed additive to promote
immune and antioxidant strength due to their novel properties,
such as a large specific surface area, increased surface activity and
reduced toxicity (Kumar and Prasad, 2021; Rana, 2021; Surai and
Kochish, 2020). However, SeNPs are still at the beginning of their
development, and in animal and poultry nutrition, they are still a
minor source of Se and are not legal or regulated in Europe and the
USA. Some concerns have also been raised about the toxicity of
SeNPs and the optimal dosage of additives, which need to be
further studied (Alian et al., 2020; Zheng et al., 2020).

2. Absorption and metabolism of selenium

The metabolic mechanism of Se in vivo is shown in Fig. 1. The
uptake of Se from selenate and selenite is presumed to be realized
through active transportation and passive diffusion in the small
intestine, respectively. After absorption, selenate may undergo
enzymatic activation with ATP to form adenosine-5’-selenophos-
phate, which is either catalyzed by thioredoxin or thioredoxin
reductase (TrxR) or reduced to the intermediate selenodigluta-
thione by glutathione reductase, ultimately generating H,Se (Burk
and Hill, 2015). Inorganically sourced Se recombines with other
nutrients in the intestine, forming insoluble complexes that are
excreted, which reduces the absorption of Se in the small intestine
(Nemati et al., 2021).

In contrast to inorganic Se, the absorption of selenomethionine
(SeMet) and selenocysteine is mediated by an amino acid uptake
mechanism. SeMet is likely transformed into the intermediate
product Sec through the transsulfuration pathway and then
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subsequently decomposed into H,Se or undergoes transamination
to demethylate into H,Se (Burk and Hill, 2015). Recently, a possible
mechanism for the conversion of nano-Se to selenite has been
proposed, suggesting that gut microbes convert nano-Se into
selenite, Se-phosphate, or H;Se, leading to the synthesis of sele-
noproteins (Surai et al., 2017). As the branch point of 2 metabolic
pathways, HySe is ultimately converted into selenophosphate to
supply Se in an active form for the synthesis of selenoproteins
(Arnaut et al., 2021). On the other hand, some SeMet is incorpo-
rated into selenoenzymes or in place of Met to participate in the
synthesis of selenoproteins, thereby increasing the total Se content
in body tissues (Zhang et al., 2020a, 2020b). Thus, differences in the
degrees of improvement of livestock products and human health
with the use of different Se sources may be clarified by determining
their probable metabolic pathways and absorption processes.

Unused Se is excreted as methyl selenide, dimethylselenide, and
trimethylselenonium ion, among others, through feces, urine, and
respiratory pathways (Cai et al., 2019).

3. Antioxidant mechanism of selenium

It is postulated that most of the antioxidant effects of Se are
likely exerted by its presence in the form of catalytically active
residues, SeMet, in reactive oxygen species (ROS)-detoxifying
selenoenzymes (Schwarz et al., 2020). Se-containing proteins
(selenoproteins), including glutathione peroxidase (GPx) (Chang
et al, 2020; Sharma et al, 2021), TrxR (Jastrzab and
Skrzydlewska, 2021; Jia et al., 2019; Mohammadi et al., 2019),
and selenoprotein P (SeP) (Ha et al., 2019; Saito, 2020), are pri-
marily implicated in maintaining redox homeostasis and reversing
cell apoptosis induced by oxidative stress-related factors, suggest-
ing that selenoproteins may protect against oxidant-induced
toxicity in cells (Hariharan and Dharmaraj, 2020). The expression

SeMet Sec | | SeOs” SeO,* | [Selenium transport|

Intestinal epithelial
cell

HO

0 |
o—s”  SeOf «— SeQF 0=Se—0

N
\* PlIzSe
N/

SeH

| Selenoprotein synthesis|

Fig. 1. The mechanism of selenium metabolism in vivo. DMSe = dimethylselenide; EEFSEC = selenocysteine elongation factor in eukaryotes; MSe = methylselenide; SBP2 = SECIS
binding protein 2; Sec = selenocysteine; SeMet = selenomethionine; Ser = serine; TMSe = trimethylselenonium.
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of selenoproteins is strictly controlled by the Se translation process,
which is highly dependent on the full utilization of Se (Zoidis et al.,
2014; Zwolak, 2020).

In addition to being present at the catalytic site of enzymes, Se
compounds are implicated in direct redox reactions (Abdelnour
et al,, 2021; Dumore and Mukhopadhyay, 2020), with presumably
higher rate constants for reactions with multiple oxidants than its
sulfur analog (Rahmanto and Davies, 2012) due to the nucleophilic
properties of ionized selenol and the ease of oxidation of Sec and
SeMet (Kuras et al., 2018). Notably, accumulating evidence has
emerged regarding the effects of a super physiological Se dose on
generating oxygen radicals by inducing oxidation and cross-linking
of protein thiol groups essential for cell survival (Lee and Jeong,
2012; Rehman et al., 2021) (Fig. 2). These contradictory roles pose
new challenges to the development and application of Se in live-
stock production.

4. Development of Se-based biological nutrition
enhancement technology

After slaughter, the collapse of the endogenous antioxidant
system and the biochemical changes that occur during the con-
version of muscle to meat are considered responsible for deterio-
rating meat quality. These alterations remarkably influence the
physical and chemical properties of proteins, including solubility,
water-holding capacity, and meat tenderness. In addition, protein
oxidation decreases the bioavailability of amino acid residues, thus
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negatively affecting the nutritional values of meat proteins. Lipid
peroxidation is suggested to be responsible for the destruction of
cell membrane integrity and pigment reduction systems, resulting
in a reduced muscle water-holding capacity and meat discoloration
along with an off-flavor (Zhang et al, 2013). Furthermore,
increasing evidence indicates that the interactions between protein
and lipid oxidation concomitantly lead to further oxidation.

Se, which is very important for the antioxidant defense system
of cells, contributes to counteracting pro-oxidant factors and pro-
tecting against lipid and protein oxidation in meat (Carvalho et al.,
2017). Se, particularly its organic form, helps to improve the overall
total antioxidant capacity, avoiding changes in color and undesir-
able aroma formation (Grossi et al.,, 2021a,b), which may be the
basis for improving the quality of livestock and poultry meat.

4.1. Improving meat color

The biomolecular interactions between myoglobin and other
factors, such as lipid oxidation, are widely accepted to jointly
govern meat color, and the autoxidation of myoglobin is the main
reason for deviations from bright cherry-red to brown
(Ramanathan et al., 2020). Additionally, several studies have shown
an underlying relationship between a change in meat color, lipid
oxidation, and protein oxidation; the oxidation reactions occurring
in the lipids and proteins are transferred to the myoglobin fraction,
thereby affecting fresh meat color (Wang et al., 2021). In this case,
strategies for supplementing Se to enhance the activity of
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antioxidant selenoproteins such as GPx and thioredoxin would be
useful in preserving the color of fresh meat by disrupting the
co—oxidation reactions of myoglobin, lipids, and proteins (Carvalho
et al,, 2017) as well as promoting myoglobin synthesis (Chen et al.,
2019; Li et al.,, 2018).

A study by Calvo et al. (2017) showed that dietary supplemen-
tation with organic Se improves the meat color of fattening pigs.
Meanwhile, a significant increase in the redness (a*) and lightness
(L*) of pork after slaughter and 7 days of cold storage was observed.
This finding is consistent with other studies that have documented
the unique role of hydroxy selenomethionine in inducing the early
expression and enhancing the activity of GPx, thioredoxin, and SeP,
thus maintaining an optimal meat color (Grossi et al., 2021a,b).
Nevertheless, other authors reported an inverse relationship be-
tween excessive inorganic Se and meat color, and the paleness of
tissue increased linearly with the addition of increasing levels of
sodium selenite (NaySeOs, SS) (Mahan et al,, 1999). Researchers
have speculated that the binding mode of inorganic Se with muscle
tissue destroys the protein—water interaction structure, leading to
a paler color (Jiang et al., 2017). As the most intuitive index of meat
quality and an important index of meat product shelf-life man-
agement, the correlation between color changes and the quality of
meat during storage has received increasing attention from con-
sumers and researchers. Based on research examining the effect of
Se on meat color and its internal mechanism, targeted measures to
control the change in meat color and improve the stability of meat
color may improve the sales of meat products.

4.2. Increasing pH value

After slaughter, the relative increase in anaerobic respiration
leads to the substantial accumulation of lactic acid, resulting in a
decrease in the muscle pH value, which exerts an adverse effect on
meat quality indexes such as tenderness, water-holding capacity,
and clor (Li et al., 2018). In terms of improving muscle pH, Se has
been shown to increase the ability of muscle cells to scavenge the
metabolite lactic acid. In addition, it seems to effectively enhance
the elimination of H,0, by GPx, thus facilitating an increase in meat
pH (Shin et al., 2021).

Calvo et al. (2017) detected a significant increase in the pH of
meat 24 h after slaughter after treatment with Se-enriched yeast.
Consistent with those observed results, other data have been re-
ported on the opposite role of hydroxy selenomethionine in a
postmortem low pH caused by chronic heat stress (Liu et al., 2021).
Thus, a Se-enriched diet may be a good nutritional strategy for meat
products with longer shelf lives due to the inhibition of microbial
reproduction in meat by a low pH.

Nevertheless, Zhang et al. reported no significant effects on pH
at 45 min and 24 h after slaughter among the Se treatment groups
when using different sources of Se (Zhang et al., 2020a, 2020b),
consistent with the findings of Zheng et al. (2020) and Silva et al.
(2019a,b). The discrepancies among the results of these studies
most likely result from the differences in the dosages and treatment
times of Se, animal species, and feeding management.

4.3. Reducing drip loss

The degradation of cytoskeletal proteins may lead to swelling of
muscle cells to retain the water discharged from myofibrils. The
activation of calcium-activated neutral proteases (calpains) pro-
duces a rapid fragmentation of intermediate protein filaments in
meat, thereby preventing the shrinking of the whole muscle cell
membrane (Hyatt and Powers, 2020). However, calpains are highly
susceptible to oxidation and pH because of the histidine and SH-
containing cysteine residues present in their active sites.
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Meanwhile, a low pH inhibits the ability of muscle protein to bind
water and reduces negative electrostatic repulsion between muscle
filaments, resulting in the dehydration and contraction of myofi-
brils (Silva et al., 2019a,b). Moreover, lipid peroxidation induced by
free radicals attacks polyunsaturated fatty acids in muscle,
destroying the integrity of the muscle cell membrane, which is one
of the leading causes of seepage of intracellular fluids (Chen et al.,
2019). An increase in the meat antioxidant capacity caused by Se,
namely, increased synthesis and activity of GPx, reduces calpain
oxidation and membrane damage, thereby helping to modify drip
loss (Grossi et al., 2021a,b; Zhang et al., 2020a, 2020b), whereas
other evidence has highlighted the antioxidant capacity of acti-
vated calpains in enhancing muscle water-holding capacity by
increasing pH and rapidly degrading intermuscular proteins
(Pearce et al., 2011).

In areport by Zhang et al. (2020a, 2020b), a significant reduction
in drip loss was observed after 24 and 48 h with the addition of
organic Se (SeMet) or a combination of the organic form and
inorganic form (SeMet + SS) to pig diets. Consistent with those
observed results, a few studies have recorded a significantly lower
drip loss in broilers in response to 0.3—0.6 mg/kg and 0.15 mg/kg
SeNPs (Surai et al., 2018; Zhang et al., 2020a, 2020b). Interestingly,
Li et al. (2011) found that a diet supplemented with SY at 3.0 mg of
Se/kg increased the abundance of selenoprotein W1 mRNA and
markedly improved the water retention of meat. Se-enriched pro-
biotics, an effective feed additive that combines the beneficial
qualities of organic Se and probiotics, prevent the induction of a
low pH by increasing the expression of the GPx gene and down-
regulating the expression of the heat shock protein 70 (HSP70)
gene, thereby reducing the formation of lactic acid (Khan et al.,
2018).

4.4. Improving the muscle nutritional component

Accumulating evidence has described the insulin-mimetic ef-
fects of Se by activating Akt and other kinases responsible for
triggering the insulin signaling cascade. Conversely, oxidative stress
induced by Se deficiency enhances glycolysis and pentose phos-
phate pathways, accompanied by dysfunction of the tricarboxylic
acid cycle, thereby regulating hepatic fat formation and lipolysis
(Tang et al., 2020). The hypoglycemic effect of selenate might also
be supported by other mechanisms, such as inhibition of intestinal
glucose transport and accelerated renal glucose excretion
(Mohamed et al., 2021).

The mechanisms described above may be at least partially
responsible for the antioxidant effect of Se, which has been shown
to persist in postmortem muscle tissue (Calvo et al., 2017; Ibrahim
et al,, 2019). Additionally, the mechanism underlying the effect of
Se on muscle protein content appears to involve the change in
iodine-thyronine deiodinase activity induced by selenoproteins,
thereby regulating thyroid hormone secretion and muscle energy
metabolism (Markovic et al., 2018). Presently, the effect of Se on
muscle fat content and fatty acid composition remains a contro-
versial issue.

According to the results obtained by Ibrahim et al. , no signifi-
cant effect on fat content in the breast, leg, liver, and abdomen of
broilers was observed when using different Se sources (Ibrahim
et al,, 2019). In contrast to the effects described above, the per-
centage of intramuscular fat was reported to increase with
increasing SY supplement levels (Markovic et al., 2018). This finding
was similar to those obtained by Zhang et al. , who reported a
higher content of abdominal fat and backfat thickness in response
to both dietary SY and the SeMet + SS combination compared with
the control group supplemented with SS on the basal diet (Zhang
et al., 2020a, 2020b). This finding might be explained by the fact
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that Se provides some nutrients, such as vitamins, amino acids, and
proteins, leading to subsequent increases in fat accumulation.
Consistent with these findings, a study by Hassan revealed that Se
supplementation increases lipid droplet accumulation in chicken
embryonic fibroblasts (CEFs) in a dose-dependent manner, prob-
ably by enhancing the adipogenic determination and differentia-
tion of CEFs. Furthermore, upregulation of an anti-lipolytic GO/G1
switch 2 and downregulation of a pro-lipolytic monoglyceride
lipase resulted in the effect of Se restraining lipolysis, further
supporting the pro-adipogenic role of Se (Hassan et al., 2014).

In contrast, Calvo et al. (2017) reported lower backfat thickness
in pigs fed high doses of SY or Vitamin E (VE) + SS diets, indicating
that Se compounds may have anti-adipogenic potential. These
inconsistent conclusions may be attributed to the activation of
GPx1 and SeP, which are responsible for reciprocal biomedical
functions resulting in opposing directions: one mode is the
enhancement of adipogenic differentiation in adipose tissue by
accelerating the expansion of mitotic cloning and increasing key
regulators of adipocyte differentiation, thus enhancing adipogenic
differentiation, and the other is the activation of the protein kinase/
heat shock protein pathway and stimulation of lipolysis (Wang
et al,, 2016).

Oxidative rancidity exerts negative effects on the sensory,
nutritional, and shelf-life quality of animal products, especially
meat with high polyunsaturated fatty acid (PUFA) contents, whose
lipid oxidation products may greatly harm human health (Li et al.,
2021). In this sense, several recent studies have obtained prom-
ising results for PUFA concentrations in response to organic Se
(Shin et al., 2021), indirectly indicating the effect of Se on pre-
venting meat from undergoing lipid oxidation and protecting
PUFAs. The essential role of omega-3 (n-3) fatty acids in preventing
cardiometabolic and inflammatory diseases is well known. PUFAs
derived from animal foods, rather than purified dietary supple-
ments, are combined with antioxidant nutrients such as Se and
glutathione, further synergizing with long-chain n-3 fatty acids and
inducing them to play an active role in protection (Gjerlaug-Enger
et al., 2015). Accordingly, optimizing the Se content and the ratio
of n-3 and n-6 fatty acids in livestock products has been considered
a new target for increasing the intake of Se and long-chain n-3 fatty
acids in humans. Concerning a healthier meat product for human
consumption, Gjerlaug-Enger et al. (2015) found that diets rich in
rapeseed products and organic Se efficiently increased n-3 fatty
acid and Se contents in pork and backfat, indicating that the pro-
duction of high-quality pork through ameliorative animal nutrition
is a broad strategy for regulating the dietary fatty acid balance.

Nevertheless, differences in lipid composition may also lead to
products with different sensory properties. The effect of Se on the
contents of fat and fatty acids in livestock and poultry muscles, as
well as its mechanism, requires further investigation.

4.5. Increasing selenium deposition in muscle

When discussing Se enrichment in animal products, several
studies using a Se-enriched diet showed a trend of greater effec-
tiveness in the accumulation of organic than inorganic forms in
muscle (Grossi et al., 2021a,b). The mechanism underlying these
better effects appears to involve different metabolic pathways.
SeMet is metabolized either directly to reactive forms that are
incorporated in selenoproteins or in place of Met in proteins (Chen
et al., 2019), indicating that organic Se can be efficiently used and
participates in Se deposition in meat-producing livestock.

According to a study by Zhang et al, 2020a, 2020b, who
compared the effects of different Se compounds (MeSeCys, SeMet,
and SeNa) on the tissue Se content and selenoprotein gene
expression in finishing pigs, SeMet was proven to increase Se
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concentrations more effectively, while MeSeCys was the most
efficient in increasing the mRNA expression of selenoproteins
among the three forms. Similar results were observed in broiler
tissues (Woods et al, 2020). Furthermore, Soliman et al.
(2020) concluded that the increased retention of Se in tissues is
accompanied by SeNP supplementation at a rate of 0.3 mg/kg of
diet rather than inorganic Se. The current results confirmed that
SeNP tissue residues disappeared earlier in the liver and muscles
than inorganic Se, which may be attributed to the nanoparticle size.
Based on these results, the organic form may be used as an effective
source of Se supplements for animals and even humans. This
promising evidence represents the beginning of organic Se appli-
cation, which will ultimately lead to the complete replacement of
inorganic Se as a feed additive. These conclusions support the po-
tential to produce Se-enriched pork via supplementation of animal
feed. Animal products that accumulate Se are anticipated to
contribute to a new strategy for increasing the average daily Se
intake and solving Se deficiency in human nutrition, which is a
national and global issue.

5. Discussion

With the increasing demand for healthy food, increasing inter-
est in safe and high-quality animal products with longer shelf lives
has been observed. Se is an essential trace element for both human
and livestock health that is necessary for numerous metabolic
processes, such as antioxidant defense capacity, immune function,
and reproductive function, thereby effectively reducing the risk of
many diseases. The World Health Organization (WHO) recom-
mends a daily Se dose of 55 pg for adults, and 400 pg is considered
harmless. The Food and Nutrition Board (FNB) in the US has also
acknowledged that the nutritional requirement for Se changes with
age, ranging from 40 to 70 ug for men and 45 to 55 pg for women
(Kieliszek, 2021). Unfortunately, insufficient sources of Se in human
diets due to its low content in food products has become a global
problem. Conversely, the results derived from clinical studies sug-
gest that the enrichment of animal-derived foods with Se via
supplementation of animal feed may be an effective method for
addressing Se deficiencies and simultaneously providing some
protection against cancer. Therefore, Se-enriched food, which
provides organic forms of Se with the highest bioavailability in
ready-to-use products to supplement micronutrient deficiencies
and maintain the metabolic balance of organisms, has attracted
extensive attention. In pork, the increased Se content without a
reduction in production performance indicates its comparatively
low toxicity and the commercial opportunities for using organic Se
at high doses to produce Se-enriched pork. Similarly, beef is
considered a potential major source of dietary Se with the inclusion
of Se in cattle feed. Therefore, the addition of Se to cattle feed
should be further investigated.

Importantly, Se has been shown to possess a dual-targeting
modality with both pro-oxidant and antioxidant potential,
depending on the duration, dose and oxidation state. At the phys-
iological level, Se significantly reduces ROS levels and improves
intracellular antioxidant activity, which leads to other important
improvements in meat quality in addition to increased Se levels in
meat, including better color, lower drip loss, extended shelf life, and
improved nutritional composition. This antioxidant effect is the
basis for the development of high-quality meat that optimizes the
function of Se in preventing chronic diseases induced by pro-
oxidant/inflammatory factors. Conversely, excessive Se intake is
responsible for excess ROS generation, impaired antioxidant de-
fenses, and reduced cell viability, which has been considered the
major mechanism of Se-induced cytotoxicity and anticarcinogenic
effects. These bimodal actions pose challenges to the effective use
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of Se in livestock and poultry production. Therefore, the oxidation
mechanisms of different Se sources and their effects on meat
quality must be conclusively determined to drive research on bio-
logical Se-rich technology and the development of functional meat
products as oxidative stress modulators and even potential strate-
gies for cancer treatment. Moreover, it is essential to address the
following questions related to the application of Se as a feed ad-
ditive to avoid any adverse effects on livestock, the environment,
and humans: 1) Does uncontrolled and enhanced SeNP penetration
through cell barriers exert a negative effect on animal health? 2)
Does the application of Se in animal nutrition exert a long-term
negative effect? 3) Are the nanosized Se particles in feed harmful
to the health of feed workers?
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