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ABSTRACT

Selenium, an essential trace element in the human body, is present in the form of selenocysteine (Sec) within 25 selenoproteins,
including selenoprotein N, selenoprotein P, and glutathione peroxidases (GPXs). An increasing number of studies have shown
that selenoproteins resulting from selenium metabolism exert a significant effect on diverse immune cells. For instance, both
selenoprotein K and GPX4 are intricately involved in the initiation and resolution of pro-inflammatory responses in granulocytes
(PMN). The function of dendritic cells (DCs) exhibits a specific association with the expression of selenoproteins. Methionine
sulfoxide reductase B1 (MSRBI1) can facilitate lipopolysaccharide (LPS) in stimulating bone marrow-derived macrophages
(BMDM), induce the production of anti-inflammatory cytokines interleukin-10 (IL-10) and interleukin-1 receptor antagonist
(IL-1RA), and thereby partake in immune activities. The roles of selenoproteins in immune cells underscore their significance
and complexity in the overall physiological process. In particular, their involvement in tumor immunity warrants in-depth ex-
ploration. In solid tumors, the process by which cancer cells generate selenoproteins, especially GPX4, through selenium metab-
olism constructs a defense mechanism against ferroptosis. This process is highly reliant on the capacity of cancer cells to take
up selenium independently, as well as the activation of selenium metabolic pathways such as the trans-selenation pathway and
the breakdown of inorganic selenium compounds. In the autophagy mediated by copper and erastin (a ferroptosis inducer), the
autophagy receptors TAX1BP1 and SQSTM1 can promote the degradation of GPX4, effectively reducing the resistance of cancer
cells to ferroptosis. This distinctive mechanism has opened up a novel perspective for research and offered potential therapeutic
targets in the field of cancer treatment. In this review, we conduct a comprehensive and in-depth analysis of the roles played by
selenoproteins derived from selenium metabolism in the regulation of immune cells associated with immune diseases. Moreover,
we elaborate in detail on the effects of GPX4 in relation to ferroptosis in solid tumors under the influence of autophagy-mediated
immunomodulation.
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1 | Introduction

As a dietary trace mineral, selenium (Se) exerts multiple phys-
iological functions in humans including antioxidant, immu-
nomodulatory, and neuroprotective effects (Rayman 2012),
and is also widely utilized in the food industry as a nutritional
fortificant for the development of functional foods. For exam-
ple, selenium derivatives such as selenocysteine (Sec) and Se-
methylselenocysteine (MSC) have been authorized for use in
various foods and dietary supplements to meet human sele-
nium requirements, particularly in selenium-deficient regions
where they contribute to improved health outcomes. Regulatory
frameworks in China, the United States, and the European
Union—namely China's National Food Safety Standard (GB
1903.12-2015), the U.S. Food and Drug Administration (FDA;
Food Safety Modernization Act, FSMA), and the European
Food Safety Authority (EFSA) provide explicit provisions gov-
erning the use of these selenium derivatives to ensure safety
while maximizing their health benefits. Humans primarily ob-
tain organic selenium from foods such as fish, shellfish, and an-
imal offal, with Brazil nuts being an exceptionally rich source
(Hadrup and Ravn-Haren 2023). Additionally, dietary supple-
ments commonly contain inorganic selenium (See et al. 2006).
The dietary supply and bioavailability of selenium in humans
depend largely on its organic forms. As an essential trace ele-
ment, the protective role of selenium in various physiological
processes has become a major research focus. Experts note
that selenium plays a critical role in maintaining male fertility
and delaying aging, among other functions. Acting as an en-
dogenous antioxidant, it can regulate the endocrine system by
modulating the dynamic balance of enzymes and metabolites
such as glutathione peroxidase (GPX), superoxide dismutase
(SOD), malondialdehyde (MDA), and catalase (CAT) (Barchielli
et al. 2022; Kieliszek et al. 2022). Both selenium deficiency and
excess are detrimental to human health. Selenium deficiency
is associated with the development of chronic diseases (Avery
and Hoffmann 2018), including certain human cancers such
as breast, lung, gastric, bladder, ovarian, pancreatic, thyroid,
esophageal, head and neck, cerebellar cancers, and melanoma
(Kim, Choi, et al. 2021).

To explore the potential therapeutic value of selenoproteins in
tumor immunity, this review is based on the core hypothesis
that “the mechanisms of ferroptosis resistance in cancer cells
mediated by selenium and selenoproteins can be therapeuti-
cally targeted.” We focus on the process by which cancer cells
in solid tumors synthesize key selenoproteins (such as GPX4)
through selenium metabolism to establish a defense system
against ferroptosis. In recent years, an increasing number of
metabolic pathways have been found to be associated with fer-
roptosis. Biochemically, ferroptosis is characterized by the gen-
eration of lethal levels of iron-dependent lipid peroxidation (Xie
et al. 2016; Stockwell et al. 2017). It has attracted considerable
attention due to its close links with diseases such as ischemia-
reperfusion injury (IRI), neurological disorders, and cancer
(Stockwell et al. 2017; Li et al. 2019; Chen, Kang, et al. 2021; Ma
et al. 2022). Iron is an essential nutrient for cell proliferation and
a cofactor for many metabolic enzymes; thus, elevated iron lev-
els can promote tumorigenesis and growth. Moreover, ferropto-
sis may trigger tumor initiation in the early stages by increasing

inflammatory responses (Dai et al. 2020). Therefore, inducing
ferroptosis to deplete iron could serve as an effective strategy
to eliminate various cancer cells in advanced stages (Hassannia
et al. 2019). In numerous studies targeting ferroptosis and auto-
phagy in cancer cells, GPX4 has emerged as a key factor, with
its activity playing a crucial role in solid tumors and related dis-
eases (Xie et al. 2023; Zhang et al. 2024). However, current re-
search has not yet explored the connection between autophagy
and ferroptosis mediated specifically via GPX4.

This review investigates the roles of metabolic pathways—in-
cluding selenium uptake in cancer cells, activation of the trans-
selenation pathway, and decomposition of inorganic selenium
compounds—in this defense mechanism. Furthermore, it ex-
amines the molecular mechanism by which the autophagy re-
ceptors TAX1BP1 and SQSTM1 induce GPX4 degradation and
impair cancer cell resistance to ferroptosis during copper- and
erastin-mediated autophagy processes. The aim is to identify
novel therapeutic targets and strategies for cancer treatment.

2 | Methodology
2.1 | Search Strategy

Specific literature and title/abstract searches were conducted
in PubMed, Scopus, Web of Science, and Science Direct data-
bases to determine selenium enrichment. Search terms included
“selenium”, “immunity,” “autophagy,” “selenocysteine,” “solid
tumor,” and “GPX4.” Filters only identified studies published in
the last decade. Non-duplicate records were identified and fil-
tered for title and abstract.

2.2 | Search and Article Redirection

In the first section of this article, it was decided to focus on se-
lenium to explore its protein types and functions and the effect
of selenium enrichment on the immune mechanism. The terms

9 s

“selenium,” “immunity,” and “selenoproteins” were used to
search the literature. Keywords: “selenium,” “immunity,” and
“selenoprotein.” The main research direction of the article is
selenium metabolism and the role of proteins produced by sele-

nium metabolism in the immune mechanism.

The second section of this article, focuses on the role of selenium
metabolism and the selenoprotein GPX4 produced by selenium
metabolism in tumors, and the keywords of the search were
added to “tumor” and “GPX4”.

In the third part of this review, the word “tumor” in the second
section was changed to “solid tumor,” and the keyword “auto-
phagy” was added. The research direction is selenium metab-
olism and the role of GPX4 in immunomodulation mediated by
autophagy. We will also focus on the role of selenium metab-
olism and GPX4 in solid tumors through autophagy-mediated
immunomodulation.

A summary of the relevant data from the included papers is
shown in Figure 1.
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FIGURE1 | Study flowchart.

2.3 | Results

During the process of data screening and literature refine-
ment, articles relevant to the target keywords were identified.
Following the removal of duplicates and studies unrelated
to the research focus, 265 articles were ultimately identified
as eligible for analysis. Figure 1 depict the study screening
process.

3 | Trace Element Selenium

Selenium (Se), an essential trace element present in diverse
compounds, was discovered in 1817 by Jons Jakob Berzelius and
named after Selene, the Greek moon goddess. In 1957, Schwartz
and Folz first demonstrated the protective effect of selenium on
organisms (Kieliszek and Blazejak 2016). Through extensive
research, it has been established that selenium exerts profound
effects on multiple human systems and physiological functions.
These encompass the maintenance of muscle function, the nor-
mal operation of male reproductive biology, the stability of the
cardiovascular system, the balanced regulation of the endocrine
system, and the healthy development of the nervous system.
Particularly within the immune system, selenium plays a critical
role. The mechanisms underlying its actions in immune modu-
lation processes, such as anti-inflammation and antioxidation,
have consistently been a major focus of scientific investigation.

The biological activity of selenium is intrinsically linked to its
chemical forms in nature. Research indicates that selenium pri-
marily exists in two distinct states within biological systems:

A

4

Text

inclusion(n=265) ‘

organic and inorganic. Selenocysteine (SeCys) and selenome-
thionine (SeMet) are recognized as the principal organic forms
of selenium. Conversely, elemental selenium, selenite, selenate,
and selenides constitute the inorganic forms. Humans meet
their physiological selenium requirements through the dietary
intake of these two classes of selenium compounds. It is note-
worthy that selenium possesses a narrow therapeutic range. It
has been discovered that both selenium deficiency and excess
exert adverse effects on human health. The association between
selenium status and disease risk demonstrates a characteristic
U-shaped curve relationship (Rayman 2020). We observed that
under conditions of selenium insufficiency, the hierarchical reg-
ulatory mechanisms governing selenium distribution within
organisms can mitigate the effects of deficiency by prioritizing
critical tissues and biochemical pathways (Schomburg 2021).
This enables individuals in low-selenium states to often exhibit
no overt phenotypic alterations or discernible health symp-
toms. Without laboratory testing, this latent deficient state is
easily overlooked. However, large-scale analytical studies in-
dicate that when selenium intake falls below recommended
levels, disease risk significantly increases, particularly among
individuals with chronic diseases, inflammatory responses, or
other susceptibility factors (Rayman 2008; Schomburg 2020).
Selenium deficiency has been recognized as a contributing fac-
tor to various pathophysiological conditions, including Keshan
disease (Xu et al. 1997; Chen 2012), neuromuscular disorders
(Moghadaszadeh et al. 2001), cancer (Yakubov et al. 2014),
and male infertility (Mistry et al. 2012). Furthermore, stud-
ies suggest that low systemic selenium levels are associated
with an elevated risk of neurodegenerative diseases (such as
Alzheimer's disease and Parkinson's disease) and autoimmune
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disorders (such as Hashimoto's thyroiditis and Graves' disease)
(Li et al. 2025; Knezevic et al. 2020).

Conversely, selenium excess promotes oxidative stress and DNA
damage, potentially increasing carcinogenic risk. Selenium also
significantly influences hormone metabolism, particularly thy-
roid function; its presence is essential for the activity of deio-
dinases, which convert thyroxine (T4) to triiodothyronine (T3)
(Knezevic et al. 2020; Arthur et al. 1993). Recent randomized
trials suggest a positive correlation between excessive selenium
intake and type 2 diabetes as well as advanced prostate cancer
(Vinceti et al. 2018). Although selenium toxicity (selenosis) is
considerably less common than deficiency, it can affect indi-
viduals due to over-supplementation (MacFarquhar et al. 2010).
Cases have been documented in regions such as Enshi (Hubei,
China), Punjab (India), and South Dakota (USA), where pop-
ulations exposed to exceptionally high dietary selenium levels
exhibited characteristic manifestations including brittle hair;
thickened, brittle, and lamellated nails; and in some cases, a
garlic-like odor on breath and skin (MacFarquhar et al. 2010;
Rayman 2008). Other symptoms, such as vomiting and pul-
monary edema, are characteristic of acute selenium poisoning
(Fairweather-Tait et al. 2011). Many instances of selenium ex-
cess in humans and livestock within specific geographical areas
are typically influenced by high soil selenium concentrations.
Animals grazing on fields with selenium concentrations exceed-
ing 5ug/g can accumulate levels harmful to humans. Selenium
derivatives exhibit varying levels of toxicity, with inorganic
forms possessing greater toxicity potential compared to organic
forms (Dhanya et al. 2014). This implies that both insufficient
and excessive selenium intake can disrupt the body's internal
homeostasis, consequently elevating susceptibility to disease.
Consequently, selenium supplementation necessitates precise
control and rigorous monitoring.

According to data provided by the World Health Organization
(WHO), the recommended daily selenium intake for adult
women is 55ug, while for adult men it is 70ug. Concurrently,
based on findings from various sources, the upper tolerable
intake level for selenium ranges approximately between 300
and 600ug/day (Stoffaneller and Morse 2015; Tutel'ian 2009).
Furthermore, studies citing safety intake recommenda-
tions indicate that approximately 800ug Se/day represents
the no-observed-adverse-effect level (NOAEL) (Stoffaneller
and Morse 2015). Yang et al. evaluated the safety profile of L-
selenomethylcysteine (L-SeMC) as a nutritional fortifier and
recommended a safe intake of 3.4mg/kg/day when used as a
dietary supplement (Yang and Jia 2014). The selenium con-
tent in the soil of Middle Eastern countries (e.g., Saudi Arabia:
0.1-0.11 mg/kg; Libya: 0.09-0.62mg/kg) is significantly lower
than the global average (0.4 mg/kg), leading to inadequate di-
etary selenium intake (Kieliszek et al. 2022). These data strongly
indicate that maintaining selenium intake within an appropri-
ate range is crucial for safeguarding human health.

4 | Selenoproteins
Selenoproteins represent a distinct class of proteins that contain

one or more selenocysteine residues. Their synthesis mech-
anism is rather unique, involving a diverse array of specific

enzymes and factors, and is intricately linked to selenium in-
take. Although selenoproteins are somewhat sporadically dis-
tributed within organisms, they are ubiquitously present across
all life forms. Once selenium from food is ingested by humans, it
predominantly exists in the body in the natural organic forms of
selenocysteine and selenoproteins. By employing bioinformatics
to analyze sequenced genomes and other DNA sources in an ef-
fort to explore the characteristics of genes encoding selenopro-
teins, at least 50 distinct selenoprotein families, comprising at
least 837 individual selenoproteins, have been identified in na-
ture (Arnér 2020). Humans and rodents possess 25 and 24 known
selenoproteins, respectively. These proteins exhibit an extremely
complex and diverse range of functions within organisms (Papp
et al. 2007) (Table 1). For instance, when researchers investi-
gated the differences in selenoprotein expression among var-
ious organisms, they discovered that GPX1, GPC4, SELENOF,
SELENOK, SELENOM, SELENOS, and SELENOW were highly
expressed in mice, while SELENOW and SELENOF had the
highest expression levels in humans (Sasuclark et al. 2019).
Accordingly, this review will provide a concise introduction
to seven selenoproteins (SELENON, SELENOP, SELENOK,
SELENOS, SELENOW, SELENOM, and GPX4) that exhibit rel-
atively high expression levels in human tissues. Furthermore,
it will present the expression profiles, molecular mechanisms,
and clinical implications of the 25 selenoproteins across various
cancers (Table 2).

Research has revealed that the selenoproteins GPX2 and GPX4
exert the most significant impact on the tumor microenviron-
ment. Their influence manifests primarily in three aspects:
immune cells, angiogenesis, and the extracellular matrix. For
instance, GPX4 deficiency leads to lipid peroxide accumulation
and ferroptosis in Treg cells, impairing their immunosuppres-
sive function. This promotes CD8" T cell infiltration and anti-
tumor immunity. Furthermore, GPX4-deficient Treg cells can
also increase IL-1f3 secretion via mitochondrial superoxide accu-
mulation, thereby promoting Th17 differentiation and breaking
immune tolerance (Xu et al. 2021). Conversely, GPX2 deficiency
upregulates VEGFA through the ROS/HIF1a axis, resulting in
increased but structurally disorganized vascular density (Ren
et al. 2022).

4.1 | Selenocysteine (Sec)
4.1.1 | The Synthesis Mechanism of Selenocysteine

Selenocysteine, commonly abbreviated as “U” or “Sec,” is
recognized as the 21st natural amino acid, featuring a dis-
tinct molecular structure and synthesis mechanism. Encoded
by the stop codon UGA (Kryukov et al. 2003; Arnér 2010;
Labunskyy et al. 2014), it represents a sulfur-to-selenium sub-
stitution variant of cysteine (Cys) (Reich and Hondal 2016;
Maroney and Hondal 2018). Under physiological pH condi-
tions, Sec demonstrates markedly different chemical proper-
ties from Cys. With a relatively low pKa of approximately 5.2,
in contrast to Cys's pKa of 8.5, Sec mainly exists in an ionized
state. This confers upon Sec a much higher nucleophilicity
than Cys. Such enhanced nucleophilicity endows Sec with
greater reactivity in chemical reactions, allowing it to engage
more efficiently in a wide range of biochemical processes.
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Furthermore, Sec exhibits greater resistance to inactivation
by diverse oxidants compared to Cys (Reich and Hondal 2016;
Snider et al. 2013), Also, compared with its corresponding di-
sulfide bond, Sec is capable of forming a substantially stronger
diselenide bond (Arai et al. 2017). These unique physicochem-
ical characteristics enable Sec to typically display higher ac-
tivity than cysteine when participating in analogous reactions
within biological systems.

The biosynthesis of Sec represents a highly complex and in-
tricate process that takes place on specific tRNASec mole-
cules. Initially, serine (Ser) is covalently linked to tRNASec
by a specialized selenocysteine-synthesizing machinery,
yielding the Ser-tRNASec molecule. Subsequently, through
a cascade of enzymatic reactions, Ser undergoes conversion
into Sec. This ultimately results in the formation of the Sec-
tRNASec molecule, which is precisely incorporated into sele-
noproteins at the UGA codon within a defined reading frame
(Serrao et al. 2018). Significantly, Sec lacks its own dedicated
aminoacyl-tRNA synthetase (aaRS). Instead, it ingeniously
harnesses the endogenous serine-tRNA synthetase (SerRS) to
execute the aminoacylation of serine. This distinctive mech-
anism vividly demonstrates the remarkable intermolecular
cooperation within biological systems (Cain and Krahn 2024).
Sec is extremely reactive and is readily auto-oxidized by oxy-
gen to form selenocystine. However, within cells, an essential
reductase, thioredoxin reductase (TrxR), exists. TrxR can rap-
idly reduce selenocystine back to Sec, thereby establishing a
unique redox cycle (Bjornstedt et al. 1995). However, this cycle
is not prevalent in biological systems because it persistently
consumes NADPH while generating ROS (in the presence of
oxygen). Therefore, to prevent excessive depletion of cellular
resources and aggravation of oxidative stress, cells employ
stringent regulatory mechanisms. These mechanisms ensure
that Sec is either promptly incorporated into selenoproteins to
fulfill its biological functions or catabolized by selenocyste-
ine @-lyase into L-alanine and selenide. This process thereby
maintains the homeostatic balance of Sec within the cell
(Esaki et al. 1982).

In mammals, upon ingestion, diverse forms of dietary selenium
embark on a series of intricate metabolic pathways, giving rise
to a variety of intermediate metabolites. Among these, selenide
(HSe), a pivotal intermediate, functions as the Se donor for the
biosynthesis of Sec, furnishing the essential raw materials for
Sec synthesis. Initially, selenium in the form of Sec was iden-
tified within the redox-active glutathione peroxidase 1 (GPX1),
precisely situated at the enzyme's active site. Subsequently, it be-
came clear that the 21st amino acid, selenocysteine, is encoded
by the stop codon UGA and incorporated into GPX. This rep-
resents an evolutionary-conserved mechanism across all seleno-
proteins (Qian et al. 2019).

4.1.2 | Functional Studies of Selenocysteine

In humans, deficiency of the Selenoprotein P (SePP) receptor,
LRP8 (LDL receptor-related protein 8), leads to an inadequate
supply of selenocysteine (Sec). This subsequently impairs the
synthesis of the key anti-ferroptosis selenoprotein, glutathione
peroxidase 4 (GPX4), ultimately triggering ferroptosis. This

represents a novel cancer therapeutic strategy. LRPS8 is a crit-
ical factor protecting MYCN-amplified neuroblastoma cells
from ferroptosis. Consequently, selenocysteine (Sec) is indis-
pensable for the translational synthesis of the anti-ferroptosis
selenoprotein GPX4. This dependency arises from the low ex-
pression of alternative selenium uptake pathways, such as the
heterodimeric system Xc~, composed of SLC3A2 (also known
as 4F2hc or CD98) and the specific subunit SLC7A11 (xCT)
(Alborzinia et al. 2023). Notably, Jiang et al. constructed a
selenocysteine-containing heptameric peptide (H-Arg-Sec-
Gly-Arg-Asn-Ala-Gln-OH). By mimicking the active site of
the antioxidant enzyme glutathione peroxidase (GPX), this
peptide offers new therapeutic avenues for acute organ injury
or dysfunction caused by hepatic ischemia-reperfusion (I-R)
injury, thereby opening new perspectives for investigating
the interaction between selenocysteine and disease (Jiang
et al. 2016). In a study investigating the cytotoxicity of sele-
nocysteine, Vozza et al. employed the MTS assay to assess
the cytotoxicity of Sec and MSC (Se-methylselenocysteine) on
Caco-2 human epithelial cells and HepG2 human hepatocytes
at various test concentrations (25, 50, and 100 uM). The results
demonstrated that natural Sec reduced Caco-2 cell viability
by >63% at concentrations of 50 and 100 uM, whereas MSC
exhibited no cytotoxicity at any of the tested concentrations
(Vozza et al. 2019). Clinically, agents containing selenocys-
teine (Sec) have demonstrated favorable anticancer efficacy.
Compared to organic selenium compounds such as selenome-
thionine (SeMet) and selenomethylselenocysteine, as well as
selenium-containing inorganic agents like selenite, seleno-
cysteine exhibits superior anticancer activity, with IC, values
ranging from 3.6 to 37.0 uM (Das et al. 2021).

4.2 | Selenoprotein N (SELENON)

Selenoprotein N (SELENON), alternatively referred to as SEPN1,
is a transmembrane protein situated within the endoplasmic re-
ticulum (ER) (Castets et al. 2012), It holds the distinction of being
the first selenoprotein identified in relation to human diseases,
with a specific association to rigid spine muscular dystrophy
congenita (Moghadaszadeh et al. 2001). A recent investigation
has disclosed that SELENON can function as a calcium sen-
sor through its calcium-binding EF-hand domain. It activates
the sarco/endoplasmic reticulum calcium ATPase (SERCA2)
in a redox-dependent fashion, thereby facilitating the uptake
of calcium into the endoplasmic reticulum (Chernorudskiy
et al. 2020). This discovery has opened up the possibility for the
utilization of selenoproteins in the treatment of human diseases.

4.3 | Selenoprotein P (SELENOP)

Selenoprotein P (SELENOP) is often referred to as a “sele-
nium transport” which is distinctive in that it represents a
secreted glycoprotein harboring as many as 10 Sec residues
and contributes to 50% of the total selenium content within
plasma. It exhibits diverse functions, including heavy-metal-
binding capabilities and potential enzymatic redox activities
(Schomburg 2022). Principally synthesized by the liver and
secreted into the plasma, SELENOP plays a pivotal role in fur-
nishing selenium to other selenium-deficient tissues for the
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synthesis of other selenoproteins via blood-borne transporta-
tion. Significantly, SELENOP's functionality is not confined
to the liver; it is expressed in various tissues such as the tes-
tis, muscle, kidney, brain, small intestine, and colon (Barrett
et al. 2015).

SELENOP encompasses two domains. The larger N-terminal
domain contains 1 Sec residue within the UXXC redox motif,
while the C-terminal domain houses 9 Sec residues and serves
as a Se supplier. In the N-terminal domain, SELENOP features
two histidine (H)-rich sequences, which dictate its heparin-
binding characteristics. When researchers probed into the
association between the antioxidant function of selenium
and diseases, they discovered that augmented levels of reac-
tive oxygen species are intimately linked to the pathological
progressions of Alzheimer's disease and Parkinson's disease.
Selenoprotein P, endowed with antioxidant properties, can
exert an inhibitory effect on these two diseases (Solovyev
et al. 2018).

4.4 | Selenoprotein K (SELENOK)

Selenoprotein K (SELENOK) is a small molecular weight protein
(approximately 12kDa) featuring a single transmembrane helix.
Its N-terminal sequence extends into the endoplasmic reticulum
(ER) lumen, while its C-terminus resides in the cytosol. The in-
trinsically disordered nature of SELENOK suggests its function
relies on interacting partner proteins (Polo et al. 2016). The role
of intrinsically disordered domains within proteins, serving
as signaling molecules or docking platforms for binding pro-
teins, has been demonstrated in other non-enzymatic proteins
(Simister and Feller 2012). Regarding immune cell function,
SELENOK is indispensable for Ca2* flux-mediated migration in
T cells and neutrophils, as well as for the migration and phago-
cytic activity of macrophages and microglia.

Furthermore, in the domain of oncology research, existing stud-
ies have documented anti-cancer properties of selenoprotein K
in in vivo melanoma models and human melanoma cell lines.
While, the precise anti-cancer molecular mechanisms remain
to be explored in greater depth, it is evident that selenoprotein K
has potential applications (Marciel and Hoffmann 2019).

4.5 | Selenoprotein S (SELENOS)

Selenoprotein S (SELENOS), was first identified in the liver of
the fat sand rat (P. obesus) by Walder et al. (2002) and initially
designated as Tanis. Subsequent investigations, however, have
demonstrated that Tanis, AD-015, SelS, SELENOS, VIMP,
and SEPSI are, in fact, the same protein (Ye et al. 2004; Gao
et al. 2006).

In the research by Walder et al. focusing on the connection
between SELENOS and the inflammatory mechanism, it was
revealed that SELENOS serves as the receptor for serum am-
yloid A (SAA), an acute-phase inflammatory response pro-
tein. Notably, when the expression of SELENOS is inhibited,
the expression of SAA in lipopolysaccharide (LPS)-induced
HepG2 human hepatocellular carcinoma cells is upregulated

correspondingly. These findings imply a potential link between
SELENOS and the inflammatory response (Walder et al. 2002).
Subsequently, the study by Fradejas et al. further disclosed that
the expression level of SELENOS increases in the brain tissue
of C57BL/6 mice following inflammatory injury, reaffirming
the correlation between SELENOS and inflammation (Fradejas
etal. 2011). Additionally, induction of SELENOS overexpression,
can reduce the expression of the inflammatory cytokines inter-
leukin-18 (IL-1f) and interleukin-6 (IL-6) in LPS-stimulated
astrocytes. Conversely, the inhibition of SELENOS expression
further elevates the expression levels of IL-18 and IL-6 under
LPS stimulation. These results, to a certain extent, elucidate the
molecular mechanism underlying the anti-inflammatory func-
tion of SELENOS (Yu and Du 2017).

Selenoprotein S, an ER membrane protein, also plays an im-
portant role in maintaining intracellular ER morphology and
distribution (Noda et al. 2014). Research by Kelly and Kim has
indicated that the overexpression of SELENOS can decrease the
activity of the glucose-regulated protein 78 (GRP78) promoter
(a marker protein for ER stress) in HepG2 hepatocellular car-
cinoma cells and also reduce the expression of GRP78 protein
induced by thapsigargin (TC) in HEK293T human embryonic
kidney cells (Kelly et al. 2009; Kim and Kim 2013).

In summary, SELENOS manifests multiple significant func-
tions in areas such as inflammatory response and regulation of
the physiological functions of the cell endoplasmic reticulum.
Its modulation of inflammatory cytokines and interaction with
ER stress-related proteins offer crucial insights for a more in-
depth exploration of cell physiological and pathological pro-
cesses. Additional research is warranted to comprehensively
understand its functions and action mechanisms under diverse
physiological and pathological conditions, thereby providing a
more robust theoretical foundation for the treatment of related
diseases and the development of drugs.

4.6 | Selenoprotein W (SELENOW)

Selenoprotein W (SELENOW), a selenoprotein prominently ex-
pressed in the liver, occupies a crucial position within the anti-
oxidant system. Initially, it was reported to be associated with
the white appearance in selenium-deficient regions of calcific
cardiomyopathy (Whanger 2000). In 2021, Kim et al. analyzed
the mRNA expression profiles during the large-scale differenti-
ation of osteoclasts induced by receptor activator of nuclear fac-
tor kappa-B ligand (RANKL). They found that SELENOW is a
protein whose expression is downregulated and is regulated by
the RANKL/RANK/tumor necrosis factor receptor-associated
factor 6/p38 signaling pathway (Kim, Lee, et al. 2021). This
research demonstrated that upon overexpression, SELENOW
promotes the in vitro formation of osteoclasts via the nuclear
translocation of NF-xB and the nuclear factor of activated T
cells cytoplasmic 1, which is mediated by 14-3-3y. Conversely,
the deficiency of SELENOW inhibits this process. During the
investigation of non-alcoholic fatty liver disease, Zhiruo Miao
et al. discovered that SELENOW can trigger the transactivation
of HIF-1a by modulating the nuclear translocation of PKM2.
This leads to mitochondrial apoptosis, ultimately resulting in
mitochondrial damage, excessive production of reactive oxygen
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species (ROS), and leakage of mitochondrial DNA. The accu-
mulation of mitochondrial ROS can further activate the NLRP3
inflammasome-mediated apoptosis and facilitate the extracel-
lular leakage of mtDNA. The leaked mtDNA can activate the
cGAS-STING signaling pathway in macrophages, thereby in-
ducing a phenotypic transformation of macrophages (Miao
et al. 2024).

These studies have shown that further elucidation of the
mechanism of action of SELENOW on immune cells is one
of the important directions in the research of selenoproteins.
Determination of this mechanism of action is expected to pro-
vide a new theoretical basis and potential targets for the preven-
tion and treatment of related diseases.

4.7 | Selenoprotein M (SELENOM)

Selenoprotein M (SELENOM) is an ER-resident redox enzyme
exhibiting structural resemblance to thioredoxin (TXN). This
protein is highly expressed in the hypothalamic regions en-
gaged in leptin signaling. Notably, prior research has already
associated it with energy metabolism (Gong et al. 2021; Pitts
et al. 2013). Ting Gong et al. conducted parallel microarray
analyses on hypothalamic tissues and mHypoE-44 cells. Their
findings revealed that the deficiency of SELENOM significantly
impacts multiple genes (Gong et al. 2021).

4.8 | GPX4

Glutathione peroxidase (GPX) is a member of the antioxidant en-
zyme family. Its catalytic site contains cysteine, a redox-active
residue (Flohé et al. 2022). In humans, five Sec-containing GPX
enzymes are currently known: the ubiquitously expressed cy-
tosolic GPX (GPX 1), the gastrointestinal-specific GPX (GPX 2),
plasma GPX (GPX 3), the ubiquitously expressed phospholipid
hydroperoxide GPX (GPX 4), and the olfactory epithelium- and
embryonic tissue-specific GPX (GPX 6) (Kryukov et al. 2003).
In the mammalian enzyme system, GPX1-4 are classified as
selenium-dependent enzymes, with their activities contingent
upon the presence of selenium, while GPX6 is a selenoprotein.
Among them, GPX4 has garnered significant attention owing
to its crucial physiological functions and unique research value.
Initially named phospholipid hydroperoxide glutathione peroxi-
dase (PHGPX), it was successfully purified from porcine liver or
heart tissue by Ursini et al. as early as 1982 (Ursini et al. 1982).

Functioning as a peroxidation-suppressing protein on liposomes
and biological membranes, GPX4 exhibits remarkable antioxi-
dant capabilities. It can specifically identify and act on diverse
oxidized substrates, including common reactive oxygen species
such as organic peroxides, hydroperoxides, and hydrogen perox-
ide. Through catalytic reduction reactions, GPX4 converts these
harmful substances into relatively benign products, thereby ef-
fectively safeguarding cells from oxidative damage and main-
taining the stability of the intracellular milieu (Weaver and
Skouta 2022). GPX4 is expressed in a wide range of tissues,
with an especially high abundance in the testis, exerting a sub-
stantial influence on sperm development and function (Roveri
et al. 2002).

GPX4 exists in three physiological subtypes: cytoplasmic
(cGPX4), mitochondrial (mGPX4), and nuclear (nGPX4). Each
subtype plays a distinct and pivotal role in different intracel-
lular compartments. Specifically, nGPX4 is of great signifi-
cance for ensuring the structural integrity of human sperm
chromatin. By maintaining the compact structure and sta-
bility of chromatin, it guarantees the integrity and proper
transmission of sperm genetic material. cGPX4 is an essen-
tial factor in sperm maturation and embryonic development,
participating in multiple critical stages of spermatocyte dif-
ferentiation, maturation, and early embryonic development
(Brigelius-Flohé 2006). Research has demonstrated that in the
absence of GPX4, when transgenic mice expressing mGPX4
are crossed with those expressing cGPX4, only the mice ex-
pressing cGPX4 survive post-embryonic development. This
finding underscores the importance of cGPX4 in maintain-
ing cellular redox homeostasis, integrity, and viability (Liang
et al. 2009), Given the pivotal role of cGPX4 in maintaining
cell survival and normal cell functions, its mechanism of
action has emerged as a focal point in scientific research. A
plethora of studies have indicated that cGPX4 is closely asso-
ciated with the pathogenesis and progression of various dis-
eases, such as neurodegenerative disorders (Chen et al. 2015),
chronic obstructive pulmonary disease (COPD) (Yoshida
et al. 2019), immune system disorders (Altamura et al. 2020),
and cancer (Soula et al. 2020), among others. On the other
hand, mGPX4 is predominantly localized in mitochondria,
functioning within the core region of cellular energy metab-
olism. By restricting the accumulation of mitochondrial reac-
tive oxygen species (ROS) or oxidized a-ketoisocaproic acid (a
metabolic intermediate in the tricarboxylic acid/tricarboxylic
acid cycle), mGPX4 can effectively prevent oxidative-stress-
induced cell death, preserve normal mitochondrial function,
and maintain cell viability. This property renders mGPX4 a
key component of mitochondrial anti-apoptotic proteins and
a structural constituent of sperm, making it indispensable for
male fertility. Besides its role in sperm maturation, mGPX4 is
also involved in the development and maturation of photore-
ceptors, although its precise mechanism remains to be fully
elucidated. Additionally, research reports suggest that mGPX4
may play a role in inhibiting the increase in ferritin levels in
cancer-like cells, indicating its potential cytoprotective effect
(Ursini et al. 1999; Azuma et al. 2022; Xavier et al. 2022; Liu,
Wan, et al. 2023). As a multifunctional protein, GPX4 has at-
tracted extensive attention in the fields of oncology, cardio-
vascular research, and neuroscience over the past decade.
Unraveling the mechanisms that regulate GPX4 activity has
thus become an important research area. The isoforms and
in vivo distribution of GPX4 in mice are shown in Figure 2.
The distribution and functions of different selenoproteins in
the body vary, as shown in Table 1.

5 | Role of Selenium in Immune Mechanisms

Among the known functions of selenium compounds in the im-
mune mechanism, their anti-inflammatory, antioxidant, and
immune cell functions are the most prominent in various ex-
periments and studies. At the same time, the study of selenium-
containing compounds, selenoproteins, on the mechanism of
immune cells has emerged as a promising avenue of exploration.
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5.1 | Mechanisms of Selenium in
the Anti-Inflammatory Response

When tissues are afflicted by infection, poisoning, or mechan-
ical trauma, damage-associated molecular patterns (DAMPs)
released by dead and dying cells, together with pathogen-
associated molecular patterns (PAMPs) produced by invading
organisms, synergistically initiate an inflammatory response
(Zhang et al. 2010). Inflammation represents a fundamental
defense reaction against harmful stimuli. It serves to eliminate
invading pathogens and foreign materials, thereby restoring
homeostasis. Nevertheless, over-activation of the inflammatory
response can inflict harm on the host, giving rise to conditions
such as cancer, sepsis, and autoimmune diseases. This is accom-
panied by clinical manifestations like fever, pain, erythema, and
swelling, typically induced by infection and tissue injury (Sun
et al. 2020).

Selenium plays a pivotal role in stabilizing and regulating
human metabolism within the human body and is of signifi-
cant importance for its anti-inflammatory properties. For in-
stance, during the wound-healing process, selenoproteins such
as GPX1, GPX4, selenoprotein S, and selenoprotein P engage in
diverse reactions during the inflammatory phase. These include
antioxidant activities, the inhibition of inflammatory cytokines,
and the elimination of peroxynitrite (a super-radical ion), func-
tioning as antioxidants and inducers at specific stages.

Upon wound occurrence, platelets aggregate to form a throm-
bus, and immune cells release pro-inflammatory cytokines
and neutrophils, generating substantial amounts of enzymes
involved in oxidative stress regulation (associated with ROS
production), such as catalase (HP) and lipid peroxidase (LP)
(Hariharan and Dharmaraj 2020). ROS are a class of chemical

species generated following the incomplete reduction of mo-
lecular oxygen. They primarily encompass hydroxyl radicals
(-OH), superoxide anions (O,"), singlet oxygen (*0,), and hydro-
gen peroxide (H,0,), and play crucial roles in cell signaling and
homeostasis. In the context of anti-inflammatory research prog-
ress, it has been revealed that the pathogenesis of various health
disorders, including neuro-degenerative diseases and cancer, is
attributed to the accumulation of ROS. This accumulation leads
to oxidative stress and inflammation (Leiter et al. 2022; Rusu
et al. 2022). At moderate levels, ROS act as key signaling mole-
cules, regulating diverse physiological functions, including the
inflammatory response. However, when present in excessive
amounts, ROS exert toxic effects, directly oxidizing biological
macromolecules such as proteins, nucleic acids, and lipids. This
exacerbates the progression of the inflammatory response and
precipitates diseases (Liu, Han, et al. 2023). In the presence of
environmental stress, ROS levels surge rapidly, thereby trigger-
ing oxidative stress.

Glutathione peroxidase (GPX) is capable of effectively allevi-
ating inflammatory diseases induced by excessive reactive ox-
ygen species (ROS) during the body's inflammatory response.
GPX reduces hydrogen peroxide to water and converts organic
hydroperoxides (ROOH) into alcohols (ROH) according to the
reaction:. ROOH+2GSH —ROH+H,0+GSSG. This process
effectively curtails free-radical reactions to a tolerable level
(Kieliszek and Btazejak 2016). During the inflammatory pro-
cess, GPX can transform hydrogen peroxide into peroxidase,
thereby circumventing the Fenton reaction and the Haber-Weiss
reaction (Certain metals possess unique oxygen-transfer prop-
erties that enhance the utilization of hydrogen peroxide, while
others exhibit strong catalytic abilities, generating highly reac-
tive hydroxyl radicals.) As a result, GPX efficiently scavenges
free radicals. Selenium-dependent GPX1-4 and GPX6 directly
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suppress oxidative stress. Notably, GPX1 represents the most
abundant and the first-identified selenoprotein in mammals
(Avery and Hoffmann 2018), and the main metabolic form
of selenium in the body to cope with severe oxidative stress
(Bjorklund et al. 2022), The GPX family plays a crucial role in
safeguarding the body's antioxidant defense system.

5.2 | Mechanisms of Selenium in Antioxidant
Response

Selenium (Se), as an essential dietary trace element, is closely
associated with the antioxidant functions of selenoproteins. It
plays a critical role in reducing oxygen-derived oxidative me-
tabolites and mitigating inflammatory responses in the endo-
thelium (Benstoem et al. 2015; Fakhrolmobasheri et al. 2022).
During cardiovascular surgery, higher serum selenium lev-
els have been shown to correlate with myocardial protection
following ischemia-reperfusion injury (Mazaheri-Tehrani
et al. 2024). Selenium is recognized as a natural antioxidant
owing to its intrinsic antioxidant characteristics. Considering
that cancer cells are particularly vulnerable to reactive oxy-
gen species (ROS), targeting the antioxidant susceptibility of
tumor cells has emerged as an extremely promising anti-cancer
strategy (Cairns et al. 2011). Unlike other anti-cancer therapies
during the anti-cancer oxidation process, selenium functions
as a pro-oxidant to impede the growth of cancer cells while re-
maining devoid of side effects on normal cells. This property of
selenium is beneficial in alleviating the human toxicity of anti-
cancer drugs (Huang et al. 2012; Weekley and Harris 2013).
Oxidative stress induced by free radicals in living organisms
is intimately linked to the development of malignant tumors.
Chemotherapeutic agents, radiotherapy, and ionizing radiation
all contribute to the generation of free radicals and the induction
of cytotoxicity (Greenberger et al. 2001; Girdhani et al. 2005).
For example, an excess of ROS can modify mitochondrial poten-
tial and trigger the mitochondrial-dependent apoptotic signaling
pathway (Addabbo et al. 2009). Research by Xia et al. indicates
that selenium can modulate immune function by inhibiting
nuclear factor NF-xB, regulating the Nrf2 transcription factor,
and influencing ferroptosis (Xia et al. 2021). These functions are
primarily associated with the mechanism by which selenium
metabolites undergo redox conversion into simple compounds
possessing potent protective and antioxidant properties (Kim,
Choi, et al. 2021). Selenoproteins demonstrate considerable
potential in preventing the progression of Alzheimer's disease.
One of the most significant biological functions of selenopro-
teins is their antioxidant activity against oxidative stress and
their capacity for reversible regulation, mediated through redox
proteins (Hariharan and Dharmaraj 2020). Selenoproteins such
as TXNRD and MSRBI play crucial roles in regulating redox
activity and repairing immune cells damaged by oxidative stress
(Razaghi et al. 2021). These properties confer strong potential to
selenium for preventing the accumulation of 8-amyloid protein,
a misfolded protein produced during inflammation associated
with Alzheimer's disease. This also provides evidence support-
ing the potential application of selenium in the treatment of
amyloidosis (Kieliszek and Sapazhenkava 2025). Consequently,
investigating the antioxidant effects of selenoproteins is essen-
tial for understanding the role of selenium in cancer prevention
and therapy.

5.3 | Mechanisms of Selenium in Innate
Immunity

Selenium represents a crucial element in the regulation of the
immune systems of both humans and animals. It participates
in immune modulation via inorganic and organic forms of sele-
nium, with selenoproteins being the primary organic form (Jia
et al. 2021). Specifically, selenium compounds regulate innate
immunity mainly by regulating the activities of immune cells
such as dendritic cells, NK cells, and neutrophils, thereby exert-
ing immunomodulatory effects in the human body. Innate im-
munity constitutes the first line of defense for the host against
danger signals and functions in a rapid and non-specific fash-
ion. Innate immune cells activated by selenium compounds
can promote tissue inflammation through the secretion of
pro-inflammatory mediators, including tumor necrosis fac-
tor-o (TNF-), interleukin-6 (IL-6), and reactive oxygen species
(ROS) (Yang, Zhang, et al. 2014).

5.3.1 | Selenium and Granulocytes (PMN)

Granulocytes (PMN), encompassing neutrophils, eosinophils,
basophils, and mast cells, mediate innate immunity through
their involvement in inflammation and phagocytosis (Vorobjeva
et al. 2023). Their remarkable bactericidal capacity is, in part, as-
cribable to their ability to generate substantial amounts of intra-
cellular and extracellular reactive oxygen species (ROS) via the
activation of membrane-associated nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase 2 (NOX 2) (Winterbourn
et al. 2016; Zeng et al. 2019). Several studies have shown that
selenium deficiency leads to aberrant PMN pro-inflammatory
functions, including inhibition of ROS production (Arthur
et al. 2003), effects on bactericidal capacity (Lee et al. 2022) and
alteration of Netosis (the mode of inflammatory cell death of
neutrophils) (Chi et al. 2021; Zhou et al. 2021).

Numerous proteins have been identified as directly implicated in
regulating PMN functions. For instance, the lipid peroxidation
regulator GPX4 has been found to modulate PMN ferroptosis in
lupus patients (Li et al. 2021), The deletion of selenoprotein K in
mouse PMN reveals that, upon stimulation by KC (also referred
to as CXCL1), Ca?* influx and PMN migratory capacity are di-
minished (Verma et al. 2011), In female animals, PMN lacking
the expression of thyroid hormone deiodinase 3 (DIO3) exhibit
impaired NOX enzymatic activity (van der Spek et al. 2018).
During phagocytic activities, neutrophils generate abundant
ROS, such as superoxide and H,0,, through NADPH oxidase,
primarily NOX2, thereby triggering an oxidative burst. This
process confers upon neutrophils potent antibacterial capability
(Babior et al. 2002).

Excessively high levels of ROS can be detrimental to neutro-
phils themselves. Consequently, neutrophils possess an es-
sential self-protection mechanism. Research has shown that
following the completion of critical immune defense functions,
neutrophils migrate from the site of sterile inflammation to the
lungs and then re-direct to the bone marrow, ultimately con-
cluding their immune cycle and withdrawing from circulation
(Silvestre-Roig et al. 2020). Human PMN treated with TNF-a,
a pro-inflammatory cytokine, indicates that selenoproteins
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mediate the self-protection of neutrophils against oxidative
damage (Hattori et al. 2005), These findings substantiate the
pivotal role of selenoproteins in neutrophil physiology.

5.3.2 | Selenium and Dendritic Cells (DCs)

The impacts of selenium on dendritic cells (DCs) are manifold.
Adequate selenium supplementation facilitates the maintenance
of a balance between the phagocytic capacity and the migratory
potential of immature DCs. It also promotes the chemotactic
migration of mature DCs. Selenium modulates DC subsets.
Reportedly, selenium supplements are capable of reducing the
proportion of activated DCs while augmenting the number of
tolerogenic DCs (Huang et al. 2021; de Toledo et al. 2020). As
a class of specific antigen-presenting cells consisting of diverse
subsets, DCs exhibit a robust ability to capture and process anti-
gens and play a pivotal role in both innate and adaptive immune
processes (Worbs et al. 2017). Jia et al. demonstrated that sele-
nium at varying concentrations can regulate the differentiation
of dendritic cells. They isolated monocytes and DC-monocytes
from human peripheral blood and determined the expression
levels of selenoproteins in immature DCs (imDCs) and ma-
ture DCs (mDCs) using techniques such as inductively coupled
plasma mass spectrometry. The findings revealed that GPX1 and
GPX4 were the most abundantly expressed, whereas the expres-
sion levels of DIO and GPX6 were comparatively low. Further
investigations indicated that in imDCs, a selenium concentra-
tion of 0.1 uM enhanced their anti-phagocytic activity, while a
concentration of 0.2uM inhibited this activity. Regarding cell
migration, 0.1uM of selenium promoted the migration of both
imDCs and mDCs, yet 0.05 or 0.2uM of selenium impeded this
process. Additionally, in the mixed lymphocyte reaction, 0.1 uM
of selenium ameliorated the reaction, while 0.05 and 0.2uM of
selenium inhibited it (Jia et al. 2021).

Furthermore, there exists a close association between dendritic
cells and the SELENOK protein. Huan Xia et al. generated
imDCs from male wild-type (WT) mice and SELENOK knock-
out (KO) mice and conducted in-depth investigations into their
immune functions. Simultaneously, they examined the effects
of the endoplasmic reticulum stress (ERS) inducer tunicamycin
(Tm) on the migration, phagocytosis, and phenotypic markers of
WT imDCs. Results indicated that in Tm-treated imDCs, both
the gene expression level and protein content of SELENOK in-
creased gradually. This fully demonstrates that SELENOK plays
a crucial role in the immune function of dendritic cells and is in-
dispensable for the proper manifestation of their immune func-
tions (Xia et al. 2022).

5.3.3 | Selenium and Macrophages (BMDM)

Macrophages, an integral part of the human immune system,
exhibit a wide array of physiological functions. These encompass
coordinating innate and adaptive immune responses, eliminat-
ing cellular debris, and orchestrating tissue development and
homeostasis (Mosser and Edwards 2008; Wynn et al. 2013). As
macrophages engage in these physiological processes, they gen-
erate diverse cytokines in response to various stimuli, such as
tissue injury and microbial infections. These cytokines assume

multifaceted roles within the immune response. Some of them
can promote the inflammatory reaction and activate immune
effector mechanisms at specific sites, thereby bolstering the
body's capacity to eliminate pathogens. Notably, among numer-
ous macrophage-related proteins, selenium-containing MSRB1
is highly expressed in macrophages under immune-activated
states. A recent study, employing rigorous experimental ap-
proaches, has demonstrated that MSRB1 plays a pivotal role
in the process by which lipopolysaccharide (LPS)-stimulated
macrophages produce anti-inflammatory factors. It is a critical
determinant in inducing macrophages to generate two key anti-
inflammatory factors, interleukin-10 (IL-10) and interleukin-1
receptor antagonist (IL-1RA) (Lee et al. 2017).

Sougat Misra and co-workers carried out an in-depth investiga-
tion employing gene-knockout (KO) technology to establish a
mouse bone-marrow-derived macrophage (BMDM) model with
the aim of exploring the mechanism of action of SELENOW in
the inflammatory process triggered by the bacterial endotoxin
lipopolysaccharide (LPS). The research findings revealed that
under low-selenium conditions (low-selenium —/— bone mar-
row stromal cells), the expression level of arginase-1 was mark-
edly decreased. Arginase-1, a key enzyme closely linked to the
anti-inflammatory (M2) phenotype, plays an indispensable role
in the resolution of inflammation. These results strongly indi-
cate that the expression of SELENOW in macrophages is of great
significance for regulating cellular redox processes and overall
biological behaviors during the onset and resolution of inflam-
mation, further underscoring the crucial role of selenoproteins
in the immune function of macrophages (Misra et al. 2023).

5.4 | Mechanisms of Selenium in Adaptive
Immunity

T lymphocytes and B lymphocytes serve as the central cells of
adaptive immunity. Selenium and its compounds participate in
the composition of numerous selenoproteins, including GPXs,
SELENOP, SELENOK, and others. In selenium-deficient indi-
viduals, the translation of selenoproteins ceases at the seleno-
cysteine (Sec) encoded by the UGA codon. Subsequently, the
mRNA undergoes nonsense-mediated decay, and the truncated
proteins are degraded via C-terminal degradation. During this
process, the brain, muscles, and testes are preferentially sup-
plied with bioavailable selenium, while other tissues, such as
those that make up the immune system, suffer impairment (Lin
et al. 2018; Seyedali and Berry 2014), This ultimately results in
a decline in adaptive immune function. Adequate selenium sup-
plementation, however, can counteract this deleterious process.

5.4.1 | Selenium and T and B Lymphocytes

T lymphocytes play a pivotal role in orchestrating adaptive im-
munity against pathogens and cancer, as well as in regulating
immune tolerance. Specifically, CD4* T cells serve as crucial
regulators within the adaptive immune system. They assist
CDS8* T cells and B cells, thereby coordinating the overall im-
mune response. Naive T cells mature and circulate throughout
the body. Upon encountering antigen-presenting cells (APCs),
their T-cell receptors (TCRs) bind to antigens, triggering T-cell
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activation (Ma and Hoffmann 2021). Following activation, T
cells initiate a signaling cascade that promotes the transcription
of IL-2 mRNA. IL-2, acting as the primary growth factor for T
cells, drives their growth and proliferation. Similarly, the activa-
tion of CD8" T cells also depends on IL-2 (Cui and Kaech 2010).
The signaling networks involved in T-cell activation are under
stringent regulation and are intricately associated with alter-
ations in cell metabolism.

Selenium enhances the expression of the a (p55) and/or 3 (p70/75)
subunits of the growth-regulatory lymphokine interleukin-2
receptor (IL-2R). Through this action, selenium promotes the
interaction between the o and/or 8 subunits of IL-2R and inter-
leukin-2, ultimately accelerating the rate of cell proliferation and
enhancing the rate of differentiation into cytotoxic cells, thereby
manifesting its corresponding functions (Zhang et al. 2023)
(Figure 3). A study on human subjects with compound heterozy-
gous defects in the SECISBP2 gene, which reduces the synthesis
of 25 known human selenoproteins, demonstrated impaired T
cell proliferation and abnormal cytokine secretion by peripheral
blood mononuclear cells (Stoupa et al. 2024). This indicates that
selenoproteins are indispensable for T cell-mediated immune
functions in humans. In a randomized clinical trial conducted
by Dehghani et al. the effects of 3 months of selenium intake on
the frequency of CD4tCD25tFOXP3* Treg cells and immune
checkpoint receptor expression were investigated in patients
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with diffuse large B-cell lymphoma (DLBCL) subtype non-
Hodgkin lymphoma (NHL) 16 patients receiving Se (Se*) and 16
patients not receiving Se (Se™). Flow cytometry and SYBR Green
real-time PCR were employed to evaluate changes in Treg cell
frequency and the expression of immune checkpoint receptors
(including CTLA-4, LAG-3, TIM-3, and PD-L1 genes) in the two
groups (Dehghani et al. 2021). The results of this study suggest
that selenium may influence the functional characteristics of
CD4*CD25"FOXP3* T cells, thereby impacting adaptive im-
mune function.

6 | Selenium Metabolism in Solid Tumors
6.1 | Overview of Selenium Metabolism

Dietary selenium, encompassing inorganic selenate (Se0,2")
and selenite (SeO527), as well as organic selenomethionine
(SeMet), is absorbed via the gastrointestinal tract. Following
absorption, it is transported within the body via a/B-globulins,
HDL/LDL lipoproteins, and y-globulins, entering the systemic
circulation through the portal vein. The metabolic pathways of
selenium exhibit significant differences depending on whether
it exists in inorganic or organic forms. Inorganic forms, such as
selenite and selenate, are reduced to hydrogen selenide (HSe™)
in the presence of glutathione (GSH), catalyzed by the enzyme
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16 of 28

Food Science & Nutrition, 2025



thioredoxin reductase (TXNRD). This HSe~ subsequently reacts
to form selenodiglutathione (GSSeSG). Glutathione reductase
then converts GSSeSG into glutathione selenol (GSSeH). Finally,
GSSeH is decomposed back to HSe™ by glutaredoxin (Newton
and Pluth 2019). As organic selenium-containing compounds,
SeMet and Sec are assimilated via transcellular pathways and
share transporters with their sulfur-containing analogues
(Nickel et al. 2009). Selenomethionine (SeMet) can be assimi-
lated via a Nat-dependent process or nonspecifically incorpo-
rated into proteins at methionine (Met) residues. Alternatively, it
can be converted to selenocysteine (Sec), which is subsequently
transformed into selenide (HSe™) through the trans-selenation
pathway (Suzuki and Ogra 2002; Roman et al. 2014). Sec, an-
other selenoamino acid released during the catabolism of sele-
noproteins, is recycled back to HSe~ for selenium utilization or
excretion. Selenium-methylselenocysteine (SMC) and the seleno-
dipeptide y-glutamyl-Se-methylselenocysteine (GGSeMSC) are
assimilated in the gastrointestinal tract. Here, the majority of
GGSeMSC is hydrolyzed by y-glutamyltranspeptidase, releas-
ing SMC for subsequent uptake by other tissues (Li et al. 2025)
(Figure 4).

In selenium metabolism, the enzymes cystathionine $-synthase
(CBS), cystathionine y-lyase (CGL), and selenocysteine lyase
(SCLY) also participate in this trans-selenation pathway, gen-
erating selenocysteine (Sec) from SeMet metabolism (Geillinger
et al. 2014). Furthermore, selenocysteine or its derivatives
(SMC/GSMC), derived from the degradation of selenoproteins
(SELENOP) or proteins containing SeMet, can be recycled to re-
generate HSe™. CBS and CGL typically generate sulfide (H,S~)
in the transsulfuration pathway; intracellular selenium me-
tabolism utilizes the same enzymes within this system (Wang,

YGlobulin

1

Chu, and Lin 2021). CBS can catalyze the conversion of SeMet to
selenocystathionine (SeCSE), which is subsequently converted
to Sec by CGL. Ultimately, Sec is converted by the SCLY en-
zyme into H,Se. This H,Se is then delivered to selenophosphate
synthetase 2 (SEPHS2) and incorporated as the amino acid Sec
during translation into selenoproteins via its dedicated tRNA
(Sec tRNA[Ser|Sec) (Figure 5). Selenium excretion relies on
methylation, whereby HSe™ is converted to MSe, which is sub-
sequently transformed into DMSe and TMSe. These compounds
are ultimately eliminated via exhalation through the lungs or
renal excretion in urine. Excess selenomethionine (SeMet) is
converted to MSe for excretion, primarily through the action of
—1lyase or via S-adenosylmethionine (SAM)-dependent meth-
ylation (Ha et al. 2019; Song et al. 2018).

It is noteworthy that the synthesis of selenoproteins is a tightly
regulated and prioritized biological process. When the selenium
content in the body exceeds physiological requirements, the ex-
cess selenium typically undergoes methylation modification or
conversion into metabolites such as selenosugars, followed pri-
marily by excretion via the urinary system. However, the precise
molecular mechanisms and detailed steps underlying this excre-
tion process are not yet fully understood (Rayman et al. 2008;
Evans et al. 2017). Intracellular selenium metabolism involves
multiple critical steps and collaborates with the glutathione sys-
tem to maintain redox homeostasis.

6.2 | Selenium Metabolism in Solid Tumors

In the intricate microenvironment of solid tumors, the met-
abolic process of selenium diverges substantially from that
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in the normal physiological state. However, the exact mecha-
nisms by which the invasiveness and malignant traits during
tumorigenesis and tumor progression impact this complex
selenium metabolism process are still under intensive inves-
tigation. The underlying mechanisms and detailed molecular
pathways remain to be fully elucidated. A plethora of stud-
ies are focused on revealing the distinctive features of sele-
nium metabolism in tumors and its potential therapeutic
implications.

For instance, research into the mechanism of selenium uptake
by tumor cells has shown that inorganic selenite can exert cyto-
toxic effects on cancer cells, and this process hinges on the x(c)-
cystine transporter (Olm et al. 2009). In an experiment, selenium
nanoparticles (SeNPs) containing selenite were administered in-
traperitoneally to cancer cells implanted in the abdominal cav-
ity of mice. The results demonstrated that the cancer cells were
inactivated by the reactive oxygen species (ROS) generated by
SeNPs, thereby offering a potential approach and direction for
the application of selenium in cancer treatment (Wu et al. 2019).

Varlamova et al. investigated the effects of selenium nanopar-
ticles (SeNPs) on four human cancer cell lines: A-172 (glioblas-
toma), Caco-2 (colorectal adenocarcinoma), DU-145 (prostate
cancer), and MCF-7 (breast cancer). They discovered that SeNPs
induced apoptosis in cancer cells in a concentration-dependent
manner, without triggering necrosis. Additionally, SeNPs en-
hanced the expression of pro-apoptotic genes in nearly all can-
cer cell lines except Caco-2 and activated diverse pathways
within the adaptive and pro-apoptotic signaling cascades of the

unfolded protein response (UPR) (Varlamova et al. 2021). This
finding may represent a significant strategy for the utilization of
selenium nanoparticles in cancer treatment.

Selenium nanoparticles, along with methylselenic acid (MSA)
that is prevalently found in organic selenium-containing com-
pounds, have demonstrated unique potential for cancer treat-
ment. The underlying mechanism of action is principally rooted
in selective cytotoxicity. MSA enhances the generation of reac-
tive oxygen species (ROS) within cancer cells while depleting
glutathione (GSH). This process leads to the production of meth-
ylselenol and circumvents the SCLY pathway, thereby impeding
the survival and proliferation of cancer cells (Varlamova and
Turovsky 2021).

Carlisle et al. have shown that selenium-avid cancer cells em-
ploy SLC7A11 (a constituent of the cystine/glutamate antiporter
SLC7A11) and xCT to facilitate increased selenium uptake
(Carlisle et al. 2020), This, in turn, enables cancer cells to syn-
thesize GPX4. GPX4 plays a crucial role in inhibiting ferroptosis,
which represents a significant mechanism by which cancer cells
resist cell death.

Within cancer cells, apart from the xCT transporter's role in
promoting selenium metabolism, there are several enzymes
that influence the selenium metabolism pathway, including
SEPHS2, CSE, and CBS. These enzymes exert non-trivial effects
on the survival and reproduction of cancer cells. Notably, exist-
ing reports have indicated that CBS is upregulated in androgen-
dependent prostate cancer, colon cancer, and ovarian cancer
cells (Bhattacharyya et al. 2013; Szabo et al. 2013), In HCC (he-
patocellular carcinoma), prostate cancer, and glioma cell lines,
the endogenous hydrogen sulfide (H,S) generated by CSE par-
ticipates in the survival and proliferation of these malignant cell
lines (Youness et al. 2021).

6.2.1 | Role of Selenium Phosphate Synthase 2 (SEPHS2)
in Selenium Metabolism and Cancer

Selenophosphate synthetase 2 (SEPHS2), a pivotal enzyme
within the selenocysteine biosynthesis pathway, is indispensable
for the survival of cancer cells. An increase in the intracellular
uptake of selenocysteine (Sec) results in elevated production of
selenide. As a toxic intermediate metabolite to cancer cells, the
accumulation of selenide jeopardizes their survival. To effec-
tively counteract the toxicity of H,Se, cancer cells depend on the
selenoprotein SEPHS2 for detoxification, a process that is essen-
tial for maintaining their viability.

Experimental evidence has demonstrated that when breast
cancer cells (MDAMB231) with the SEPHS2 gene knocked out
are inoculated into wild-type nude thymic mice, the growth of
in situ breast tumor xenografts is markedly inhibited (Carlisle
et al. 2020). This finding clearly elucidates the critical role of
SEPHS?2 in the mechanism promoting selenium metabolism in
cancer cells. Moreover, it presents a highly promising new target
and direction for the innovation of cancer treatment strategies,
thereby laying a theoretical groundwork for the subsequent de-
velopment of anti-cancer drugs or therapeutic approaches tar-
geting SEPHS2.
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6.2.2 | Role of Cystathionine Gamma Enzyme (CSE) in
Selenium Metabolism and Cancer

Cystathionine-y-lyase (CSE), an enzyme responsible for cat-
alyzing the production of hydrogen sulfide (H,S), exhibits
abnormal expression patterns that are intricately linked to tu-
morigenesis, tumor progression, and angiogenesis. A wealth
of research has demonstrated that the endogenous H,S gen-
erated by CSE has the capacity to drive the proliferation of
human cancer cells. Notably, the STAT3 and VEGF signaling
pathways play critical roles in this promotional mechanism
(Deng et al. 2022; Wang, Shi, Liu, et al. 2019). Specifically,
elevated CSE expression levels have been firmly established
to be closely associated with breast cancer progression related
to the STAT3 signaling pathway. CSE can facilitate the malig-
nant biological behaviors of cancer cells, such as proliferation,
survival, and migration, by activating a cascade of down-
stream signaling molecules (You et al. 2017).

In recent years, with the increase of research into the pathogen-
esis of cancer, the inhibition of CSE and the endogenous H,S it
generates has emerged as a novel focus in the realm of cancer
treatment research. For instance, a novel cystathionine-y-lyase
inhibitor, 1194496, has been identified to effectively impede the
growth of human triple-negative breast cancer cells by concur-
rently suppressing the PI3K/Akt (phosphatidylinositol 3-kinase/
protein kinase B) and Ras/ERK (rat sarcoma viral oncogene/
extracellular regulated protein kinases) signaling pathways.
Additionally, it can markedly reduce the metastatic potential of
cancer cells by inhibiting the STAT3 and VEGF signaling path-
ways (Liu et al. 2021).

Another inhibitor, 1157172, decreases the growth, prolifera-
tion, and migration rates of MCF7 breast cancer cells in a dose-
dependent manner via sirtl-mediated STAT3 deacetylation
(Wang, Shi, Zhang, et al. 2019). These research findings com-
prehensively indicate that further exploration of the mechanism
through which CSE participates in H,S metabolism within can-
cer cells and its influence on the biological behaviors of cancer
cells holds significant theoretical importance and potential clin-
ical application for the development of innovative and effective
cancer treatment modalities.

6.2.3 | Role of Cystathionine Beta-Synthase (CBS) in
Selenium Metabolism and Cancer

Cystathionine (-synthase (CBS) is an enzyme of paramount
importance in cellular metabolism, having critical regulatory
functions. It not only partakes in the metabolic regulation of
homocysteine (Hcy) but also assumes a pivotal role in the bio-
synthesis of hydrogen sulfide (H,S). Existing research has re-
vealed that CBS-driven endogenous H,S production promotes
tumor growth via multiple intricate molecular mechanisms.
These mechanisms include, but are not restricted to: (i) main-
taining the stability of mitochondrial respiration and ATP
synthesis, thereby furnishing an ample energy supply for the
rapid proliferation of cancer cells; (ii) directly stimulating the
proliferation and survival signaling pathways in cancer cells,
enhancing their anti-apoptotic capabilities; (iii) participating in
the regulation of intracellular redox balance, thereby creating a

microenvironment conducive to cancer cell growth; (iv) facili-
tating vasodilation, which improves the blood supply to tumor
tissues, thus providing the essential nutritional support and
material exchange conditions for tumor growth and metastasis
(Zhu et al. 2018).

Data from multiple pre-clinical studies show that compared
with adjacent normal tissues or non-transformed cells, the
expression levels of CBS in various solid tumor tissues or cell
lines such as colon cancer (Phillips et al. 2017), ovarian cancer
(Bhattacharyya et al. 2013), prostate cancer (Guo et al. 2012)
and breast cancer (Sen et al. 2015), showed a trend of signifi-
cantly higher expression levels compared with neighboring
normal tissues or non-transformed cells. This phenomenon fur-
ther confirms the important role of CBS in the formation and
development of solid tumors. However, despite the current rec-
ognition of the importance of CBS in tumorigenesis and devel-
opment, research on the relationship and specific mechanism
of action between selenium and CBS remains relatively scarce.

In a study exploring the influence of selenium deficiency on
the liver metabolome of male mice, it was observed that down-
regulation of CBS expression led to pronounced perturbations
in lipid and one-carbon metabolism within the mouse liver.
Additionally, when the selenium intake in the animal diet
was decreased to half of the recommended level, the activi-
ties of total glutathione peroxidase (GPX) and thioredoxin re-
ductase (TXNRD) in the liver declined accordingly (Geillinger
et al. 2014). These metabolic derangements and alterations in
enzyme activities potentially augment the risk of cancer devel-
opment. Nevertheless, the precise molecular mechanisms and
the role played by selenium in this context remain incompletely
elucidated. Thus, further in-depth and systematic investigations
are warranted to clarify their underlying relationships and func-
tional principles.

Santos et al. carried out a study on the effects of SeChry and
folic-acid-targeted fourth-generation polyurea dendrimer
(SeChry@PUREG4-FA) nanoparticles on three distinct ovarian
cancer cell lines (ES2, OVCAR 3, and OVCAR 8) and two non-
malignant cell lines (HaCaT and HK 2). The findings demon-
strated that SeChry exerted specific inhibitory effects on CBS in
ovarian cancer and exhibited relatively low toxicity compared to
other cell types (Santos, Ramos, et al. 2019). However, this study
has yet to assess the specific impact of SeChry on the production
of H,Se.

7 | Autophagy-Regulated GPX4 Homeostasis
Coordinates Iron Prolapse and Cancer

In the realm of solid tumor research, a wealth of findings has elu-
cidated that GPX4 in cancer cells assumes a central role in coun-
tering ferroptosis-induced cell death, thereby serving as a critical
determinant for the survival of cancer cells (Dixon et al. 2012).
Ferroptosis, an iron-dependent, non-apoptotic mode of cell
death, was initially introduced in 2012. It diverges from other
programmed cell death modalities, including necrotic death,
apoptosis, and autophagy. Currently, it is well recognized that the
canonical ferroptosis-inhibitory pathway principally comprises
the Xc™/GSH/GPX4 axis. This axis represents a surveillance
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mechanism that impedes ferroptosis and promotes tumorigene-
sis by converting potentially toxic phospholipid hydroperoxides
into non-toxic lipid alcohols (Weaver and Skouta 2022).

Specifically, system Xc~, a heteromeric antiporter, transports cys-
tine into cells. Once inside, the cystine participates in the biosyn-
thesis of glutathione (GSH). The synthesized GSH then functions
as an essential cofactor for GPX4, collaborating in this process
(Seibt et al. 2019). As a pivotal regulator of ferroptosis, GPX4 is ca-
pable of directly suppressing the accumulation of lipid peroxides
within cells. By doing so, it effectively prevents the generation of
reactive oxygen species (ROS) and maintains intracellular redox
equilibrium, which is indispensable for cancer cells to elude the
fate of ferroptosis (Yang, SriRamaratnam, et al. 2014).

Given that GPX4 is a selenoprotein and its synthesis is intricately
dependent on cellular selenium uptake, ferroptosis is widely ac-
knowledged as a selenium-dependent cell-death mechanism
(Friedmann Angeli and Conrad 2018). Recent research into the
mechanisms by which cancer cells resist ferroptosis has shown
that SELENOP, acting as a regulatable selenium source within
cancer cells, can be internalized by cells via the receptor LRP8
and subsequently degraded within lysosomes. This process
exerts a profound influence on selenium homeostasis within
cancer cells, as well as on the synthesis and functionality of sele-
noproteins. For example, the research by Li et al. has demon-
strated that in a low-selenium environment, the translation of
GPX4 is markedly disrupted. Ribosome stalling and premature
translation termination occur, thereby impeding the synthesis
of the GPX4 protein (Li et al. 2022). This finding implies that
the selenoprotein hierarchy in cancer cells has been altered, giv-
ing rise to cancer-specific vulnerabilities. Consequently, cancer
cells can be rendered sensitive to ferroptosis through targeted
agents or autophagy-mediated GPX4 degradation.

Specifically, enhanced ferroptosis resulting from GPX4 in-
hibition can augment the sensitivity of colorectal cancer to
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oxaliplatin. In non-small-cell lung cancer, it can heighten the
sensitivity of cancer cells to lapatinib. In hepatocellular carci-
noma, it can improve the sensitivity of cancer cells to sorafenib.
In Epstein-Barr virus-infected nasopharyngeal carcinoma, it
can increase the sensitivity of cancer cells to platinum-based
drugs (Yang et al. 2021; Wang, Bin, et al. 2021; Yuan et al. 2022;
Ni et al. 2021).

Macroautophagy (hereafter simply referred to as “autoph-
agy”) is a membrane-mediated biological process. In a highly
context-dependent manner, autophagy can confer cellular pro-
tection against diverse pathogens. However, it can also pro-
mote cell-death induction by releasing lysosomal hydrolases or
selectively dismantling anti-cell-death proteins (Doherty and
Baehrecke 2018). Autophagy mediated by Cu?* and erastin
plays a pivotal role in GPX4 degradation. This strategy of resen-
sitizing cancer cells to ferroptosis has been demonstrated to be
highly efficacious in numerous experiments.

Erastin induces ferroptosis by specifically inhibiting the cys-
tine/glutamate antiporter System Xc~ (composed of SLC7A11
and SLC3A2 subunits), thereby blocking extracellular cystine
uptake. This leads to intracellular cysteine depletion and disrup-
tion of glutathione (GSH) biosynthesis. The loss of GSH results
in functional impairment of the key antioxidant enzyme GPX4
(glutathione peroxidase 4), which depends on GSH's reducing
activity. Consequently, phospholipid hydroperoxides (PL-OOH)
accumulate abnormally. In the presence of free ferrous ions
(Fe?*), the Fenton reaction catalyzes massive generation of re-
active oxygen species (ROS), driving lipid peroxidation chain re-
actions in polyunsaturated fatty acids (PUFAs). This ultimately
disrupts cellular membrane integrity and triggers ferroptosis
(Xue et al. 2023; Dos Santos et al. 2023). Notably, this cell death
pathway can be completely suppressed by ferroptosis-specific
inhibitors (e.g., Ferrostatin-1), but remains unresponsive to in-
hibitors of apoptosis or necroptosis, confirming the distinct mo-
lecular nature of this mechanism (Xue et al. 2023) (Figure 6).
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Copper-mediated autophagic degradation of GPX4 amplifies ferroptosis.
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Concurrently, Xue Qian et al. investigated the mechanism of
Cu?*-mediated ferroptosis and its effect on GPX4 protein ex-
pression. Their study revealed that Cu?* increases susceptibil-
ity to ferroptosis by inducing TAX1BP1l-mediated autophagic
degradation of GPX4, a process that is ROS-independent and
targets TAX1BP1 as the key autophagy receptor for GPX4 deg-
radation (Xue et al. 2023). In contrast to TAX1BP1, SQSTM1
mediates GPX4 degradation under conditions induced by eras-
tin. Mechanistically, exogenous Cu?* directly binds to cyste-
ine residues (specifically Cys107 and Cys148) within GPX4,
promoting its ubiquitination and aggregation formation. This
modification subsequently facilitates recognition by TAX1BP1
(Chen et al. 2023). Furthermore, the transmembrane pro-
tein TMEM164 has emerged as a novel key determinant of
autophagy-dependent ferroptosis. Similar to TAX1BP1 and
SQSTM1, TMEM164 plays a significant role in regulating GPX4
degradation. TMEM164 localizes to the plasma membrane and
various cellular organelles. In certain cancer cells, the forma-
tion of the ATG12-ATG5-ATG16L1 complex and the subsequent
degradation of GPX4 induced by ferroptosis activators (such as
erastin or RSL3) requires the involvement of TMEM164 (Liu,
Liu, et al. 2023). This groundbreaking research elucidates the
bridging role of the transmembrane protein TMEM164 between
autophagy and ferroptosis. It establishes, for the first time, a

previously underrecognized molecular link between these two
processes (Figure 7).

The strategy in which Cu?* and erastin induce autophagy-
mediated degradation of GPX4—thereby reversing cancer cell
resistance to ferroptosis—reveals a novel anticancer modal-
ity. This mechanism further suggests that, beyond developing
small-molecule agents that directly target GPX4, the pathway
can be modulated indirectly through precision nutritional inter-
ventions. For example, when formulating foods for special med-
ical purposes (FSMPs) for oncology patients, one might leverage
specific selenium species or tune their bioavailability to gently
adjust the activity threshold of GPX4, creating an intracellular
milieu more favorable to conventional therapies.

From a translational and regulatory perspective, China’s National
Food Safety Standard GB 1903.12-2015 authorizes Se-methyl-L-
selenocysteine (SeMSC) as a nutrient fortifier; in the United States,
under 21 CFR Part 573, the FDA has progressively expanded per-
mitted selenium sources for feeds (e.g., zinc-L-selenomethionine
and hydroxy analogs of selenomethionine) and, in 2025, added
zinc-L-selenomethionine for broiler feeds; within the European
Union, Directive 2002/46/EC regulates the addition of vita-
mins and minerals to foods, and EFSA has established tolerable
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upper intake levels for selenium. In Canada, the Natural Health
Products Ingredients Database (NHPID) lists selenium—in the
form of selenocysteine—as an acceptable medicinal ingredient
and includes selenium yeast as an entry for NHP formulations.
Collectively, these frameworks facilitate the safe, effective, and
compliant market introduction of innovative selenium- and
selenocysteine-based foods, including FSMPs.

8 | Conclusion

This review examines selenium metabolism and its key effec-
tor—glutathione peroxidase 4 (GPX4)—with a focus on its cen-
tral role in autophagy-regulated ferroptosis in solid tumors.
These advances not only enrich fundamental understanding
but also inform innovation in the food industry—particularly
in foods for special medical purposes (FSMPs) and functional
foods and lay the groundwork for novel anticancer strategies.

Given the widespread overexpression of GPX4 across multiple
cancer types, leveraging Cu?* and erastin to induce autophagy-
dependent GPX4 degradation and thereby sensitize cancer cells
to ferroptosis has emerged as a promising therapeutic paradigm
that may surpass conventional approaches. The selenium metabo-
lism-GPX4-ferroptosis axis delineated herein provides actionable
targets for drug discovery and a theoretical basis for precision
nutrition design in oncology-oriented FSMPs. Accordingly, prod-
uct developers and clinical dietitians should comply with China's
food-safety standards for L-Se-methylselenocysteine and consult
international frameworks, such as the U.S. FDA's regulation of
nutrient fortification and the EU EFSA's tolerable upper intake
levels for selenium—to ensure scientific rigor, safety, and efficacy.

It should be noted that the interplay between GPX4 and ferropto-
sis involves complex signaling pathways and molecular interac-
tions, and current understanding remains preliminary. Future
work integrating in-depth basic research with well-designed
clinical trials is warranted to substantiate its translational and
clinical value.

Author Contributions

Liang Yang: writing - review and editing (equal). Yu Jiang: writing
- original draft (equal), writing — review and editing (equal). Haoyue
Wu: writing - original draft (equal), writing - review and editing
(equal). Jinnan Sun: visualization (equal). Xinyue Huang: visualiza-
tion (equal). Jingfeng Hong: visualization (equal). Bin Zheng: writing
- review and editing (equal). Jinmiao Zhu: writing - review and edit-
ing (equal).

Acknowledgments

We thank the support from “Anhui Engineering Laboratory for
Medicinal and Food Homologous Natural Resources Exploration.”

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

Addabbo, F., M. Montagnani, and M. S. Goligorsky. 2009. “Mitochondria
and Reactive Oxygen Species.” Hypertens. Dallas Tex 1979 53: 885-892.

Alborzinia, H., Z. Chen, U. Yildiz, et al. 2023. “LRP8-Mediated
Selenocysteine Uptake Is a Targetable Vulnerability in MYCN-
Amplified Neuroblastoma.” EMBO Molecular Medicine 15: €18014.

Altamura, S., N. M. Vegi, P. S. Hoppe, et al. 2020. “Glutathione
Peroxidase 4 and Vitamin E Control Reticulocyte Maturation, Stress
Erythropoiesis and Iron Homeostasis.” Haematologica 105: 937-950.

Alves, L. F,, I. N. da Silva, D. C. de Mello, et al. 2024. “Epigenetic
Regulation of DLK1-DIO3 Region in Thyroid Carcinoma.” Cells 13:
1001.

Ansong, E., W. Yang, and A. M. Diamond. 2014. “Molecular Cross-
Talk Between Members of Distinct Families of Selenium Containing
Proteins.” Molecular Nutrition & Food Research 58: 117-123.

Arai, K., T. Takei, M. Okumura, et al. 2017. “Preparation of Selenoinsulin
as a Long-Lasting Insulin Analogue.” Angewandte Chemie 56:
5522-5526.

Arnaldi, L. a. T,, R. C. Borra, R. M. B. Maciel, and J. M. Cerutti. 2005.
“Gene Expression Profiles Reveal That DCN, DIO1, and DIO2 Are
Underexpressed in Benign and Malignant Thyroid Tumors.” Thyroid
15:210-221.

Arnér, E. S. J. 2010. “Selenoproteins-What Unique Properties Can Arise
With Selenocysteine in Place of Cysteine?” Experimental Cell Research
316:1296-1303.

Arnér, E. S. J. 2020. “Common Modifications of Selenocysteine in
Selenoproteins.” Essays in Biochemistry 64: 45-53.

Arthur, J. R., R. C. McKenzie, and G. J. Beckett. 2003. “Selenium in the
Immune System.” Journal of Nutrition 133: 1457S-1459S.

Arthur, J. R., F. Nicol, and G. J. Beckett. 1993. “Selenium Deficiency,
Thyroid Hormone Metabolism, and Thyroid Hormone Deiodinases.”
American Journal of Clinical Nutrition 57: 236S-239S.

Avery, J. C., and P. R. Hoffmann. 2018. “Selenium, Selenoproteins, and
Immunity.” Nutrients 10: 1203.

Azuma, K., T. Koumura, R. Iwamoto, et al. 2022. “Mitochondrial
Glutathione Peroxidase 4 Is Indispensable for Photoreceptor
Development and Survival in Mice.” Journal of Biological Chemistry
298:101824.

Babior, B. M., J. D. Lambeth, and W. Nauseef. 2002. “The Neutrophil
NADPH Oxidase.” Archives of Biochemistry and Biophysics 397:
342-344.

Barchielli, G., A. Capperucci, and D. Tanini. 2022. “The Role of
Selenium in Pathologies: An Updated Review.” Antioxidants 11: 251.

Barrett, C. W., V. K. Reddy, S. P. Short, et al. 2015. “Selenoprotein P
Influences Colitis-Induced Tumorigenesis by Mediating Stemness and
Oxidative Damage.” Journal of Clinical Investigation 125: 2646-2660.

Benstoem, C., A. Goetzenich, S. Kraemer, et al. 2015. “Selenium and
Its Supplementation in Cardiovascular Disease-What Do We Know?”
Nutrients 7: 3094-3118.

Bertz, M., K. Kiihn, S. C. Koeberle, et al. 2018. “Selenoprotein H
Controls Cell Cycle Progression and Proliferation of Human Colorectal
Cancer Cells.” Free Radical Biology & Medicine 127: 98-107.

Bhattacharyya, S., S. Saha, K. Giri, et al. 2013. “Cystathionine Beta-
Synthase (CBS) Contributes to Advanced Ovarian Cancer Progression
and Drug Resistance.” PLoS One 8: €79167.

Bingheng, C. 2008. “Selenium: Its Role as Antioxidant in Human
Health.” Environmental Health and Preventive Medicine 13: 94.

Bjerklund, G., M. Shanaida, R. Lysiuk, et al. 2022. “Selenium: An
Antioxidant With a Critical Role in Anti-Aging.” Molecules 27: 6613.

22 of 28

Food Science & Nutrition, 2025



Bjornstedt, M., M. Hamberg, S. Kumar, J. Xue, and A. Holmgren.
1995. “Human Thioredoxin Reductase Directly Reduces Lipid
Hydroperoxides by NADPH and Selenocystine Strongly Stimulates the
Reaction via Catalytically Generated Selenols.” Journal of Biological
Chemistry 270: 11761-11764.

Bomer, N., M. G. Pavez-Giani, F. E. Deiman, et al. 2021. “Selenoprotein
DIO2 Is a Regulator of Mitochondrial Function, Morphology and
UPRmt in Human Cardiomyocytes.” International Journal of Molecular
Sciences 22: 11906.

Brigelius-Flohé, R. 2006. “Glutathione Peroxidases and Redox-
Regulated Transcription Factors.” Biological Chemistry 387: 1329-1335.

Brigelius-Flohé, R., and A. Kipp. 2009. “Glutathione Peroxidases in
Different Stages of Carcinogenesis.” Biochimica et Biophysica Acta 1790:
1555-1568.

Cain,A.,andN.Krahn.2024.“Overcoming Challenges With Biochemical
Studies of Selenocysteine and Selenoproteins.” International Journal of
Molecular Sciences 25: 10101.

Cairns, R. A, I. S. Harris, and T. W. Mak. 2011. “Regulation of Cancer
Cell Metabolism.” Nature Reviews. Cancer 11: 85-95.

Carlisle, A. E., N. Lee, A. N. Matthew-Onabanjo, et al. 2020. “Selenium
Detoxification Is Required for Cancer-Cell Survival.” Nature Metabolism
2:603-611.

Castets, P, A. Lescure, P. Guicheney, and V. Allamand. 2012.
“Selenoprotein N in Skeletal Muscle: From Diseases to Function.”
Journal of Molecular Medicine 9: 1095-1107.

Cheff, D. M., C. Huang, K. C. Scholzen, et al. 2023. “The Ferroptosis
Inducing Compounds RSL3 and ML162 Are Not Direct Inhibitors of
GPX4 but of TXNRD1.” Redox Biology 62: 102703.

Chen, J. 2012. “An Original Discovery: Selenium Deficiency and Keshan
Disease (An Endemic Heart Disease).” Asia Pacific Journal of Clinical
Nutrition 21: 320-326.

Chen, L., W. S. Hambright, R. Na, and Q. Ran. 2015. “Ablation of the
Ferroptosis Inhibitor Glutathione Peroxidase 4 in Neurons Results in
Rapid Motor Neuron Degeneration and Paralysis.” Journal of Biological
Chemistry 290: 28097-28106.

Chen, X., R. Kang, G. Kroemer, and D. Tang. 2021. “Broadening
Horizons: The Role of Ferroptosis in Cancer.” Nature Reviews. Clinical
Oncology 18: 280-296.

Chen, X., X. Song, J. Li, et al. 2023. “Identification of HPCALLI as a Specific
Autophagy Receptor Involved in Ferroptosis.” Autophagy 19: 54-74.

Chen, X.-Y., S. Y. Yang, X. J. Ruan, et al. 2021. “MsrB1 Promotes
Proliferation and Invasion of Colorectal Cancer Cells via GSK-38/8-
Catenin Signaling Axis.” Cell Transplantation 30: 9636897211053203.

Chernorudskiy, A., E. Varone, S. F. Colombo, et al. 2020. “Selenoprotein
N Is an Endoplasmic Reticulum Calcium Sensor That Links Luminal
Calcium Levels to a Redox Activity.” Proceedings of the National
Academy of Sciences of the United States of America 117: 21288-21298.

Chi, Q., Q. Zhang, Y. Lu, Y. Zhang, S. Xu, and S. Li. 2021. “Roles of
Selenoprotein S in Reactive Oxygen Species-Dependent Neutrophil
Extracellular Trap Formation Induced by Selenium-Deficient Arteritis.”
Redox Biology 44:102003.

Cueto-Urefia, C., M. J. Ramirez-Exp6sito, M. D. Mayas, M. P. Carrera-
Gonzalez, A. Godoy-Hurtado, and J. M. Martinez-Martos. 2023.
“Glutathione Peroxidase gpx1 to gpx8 Genes Expression in Experimental
Brain Tumors Reveals Gender-Dependent Patterns.” Genes 14: 1674.

Cui, W., and S. M. Kaech. 2010. “Generation of Effector CD8* T Cells
and Their Conversion to Memory T Cells.” Immunological Reviews 236:
151-166.

Dai, E., L. Han, J. Liu, et al. 2020. “Autophagy-Dependent Ferroptosis
Drives Tumor-Associated Macrophage Polarization via Release and
Uptake of Oncogenic KRAS Protein.” Autophagy 16: 2069-2083.

Das, D., S. Sen, and K. Sen. 2021. “Disparity of Selenourea and
Selenocystine on Methaemoglobinemia in Non-Diabetics and
Diabetics.” Journal of Biochemistry 169: 371-382.

de Toledo, J. H. D. S., T. F. D. C. Fraga-Silva, P. A. Borim, et al.
2020. “Organic Selenium Reaches the Central Nervous System and
Downmodulates Local Inflammation: A Complementary Therapy for
Multiple Sclerosis?” Frontiers in Immunology 11: 571844.

DeAngelo, S. L., L. Zhao, S. Dziechciarz, et al. 2025. “Recharacterization
of the Tumor Suppressive Mechanism of RSL3 Identifies the
Selenoproteome as a Druggable Pathway in Colorectal Cancer.” Cancer
Research 85: 2788-2804.

Dehghani, M., N. Shokrgozar, M. Ramzi, et al. 2021. “The Impact of
Selenium on Regulatory T Cell Frequency and Immune Checkpoint
Receptor Expression in Patients With Diffuse Large B Cell Lymphoma
(DLBCL).” Cancer Immunology, Immunotherapy 70: 2961-2969.

Deng, Y., H. Fu, X. Han, et al. 2022. “Activation of DDX58/RIG-I
Suppresses the Growth of Tumor Cells by Inhibiting STAT3/CSE
Signaling in Colon Cancer.” International Journal of Oncology 61: 120.

Dhanya, B. L., R. P. Swathy, and M. Indira. 2014. “Selenium
Downregulates Oxidative Stress-Induced Activation of Leukotriene
Pathway in Experimental Rats With Diabetic Cardiac Hypertrophy.”
Biological Trace Element Research 161: 107-115.

Dixon, S.J., K. M. Lemberg, M. R. Lamprecht, et al. 2012. “Ferroptosis:
An Iron-Dependent Form of Nonapoptotic Cell Death.” Cell 149:
1060-1072.

Doherty, J., and E. H. Baehrecke. 2018. “Life, Death and Autophagy.”
Nature Cell Biology 20: 1110-1117.

Dos Santos, A. F., G. Fazeli, T. N. Xavier da Silva, and J. P. Friedmann
Angeli. 2023. “Ferroptosis: Mechanisms and Implications for Cancer
Development and Therapy Response.” Trends in Cell Biology 33:
1062-1076.

Dou, Q., A. A. Turanov, M. Mariotti, et al. 2022. “Selenoprotein TXNRD3
Supports Male Fertility via the Redox Regulation of Spermatogenesis.”
Journal of Biological Chemistry 298: 102183.

Esaki, N., T. Nakamura, H. Tanaka, and K. Soda. 1982. “Selenocysteine
Lyase, a Novel Enzyme That Specifically Acts on Selenocysteine.
Mammalian Distribution and Purification and Properties of Pig Liver
Enzyme.” Journal of Biological Chemistry 257: 4386—4391.

Evans, S. O., P. F. Khairuddin, and M. B. Jameson. 2017. “Optimising
Selenium for Modulation of Cancer Treatments.” Anticancer Research
37:6497-6509.

Fairweather-Tait, S. J., Y. Bao, M. R. Broadley, et al. 2011. “Selenium
in Human Health and Disease.” Antioxidants & Redox Signaling 14:
1337-1383.

Fakhrolmobasheri, M., S. Mazaheri-Tehrani, M. Kieliszek, et al. 2022.
“COVID-19 and Selenium Deficiency: A Systematic Review.” Biological
Trace Element Research 200: 3945-3956.

Flohé, L., S. Toppo, and L. Orian. 2022. “The Glutathione Peroxidase
Family: Discoveries and Mechanism.” Free Radical Biology & Medicine
187:113-122.

Flowers, B., O. Bochnacka, A. Poles, A. M. Diamond, and I. Kastrati.
2023. “Distinct Roles of SELENOF in Different Human Cancers.”
Biomolecules 13: 486.

Fradejas, N., M. D. C. Serrano-Pérez, P. Tranque, and S. Calvo. 2011.
“Selenoprotein S Expression in Reactive Astrocytes Following Brain
Injury.” Glia 59: 959-972.

Friedmann Angeli, J. P., and M. Conrad. 2018. “Selenium and GPX4, a
Vital Symbiosis.” Free Radical Biology & Medicine 127: 153-159.

Gao, Y., N. R. F. Hannan, S. Wanyonyi, et al. 2006. “Activation of the
Selenoprotein SEPS1 Gene Expression by Pro-Inflammatory Cytokines
in HepG2 Cells.” Cytokine 33: 246-251.

Food Science & Nutrition, 2025

23 of 28



Geillinger, K. E., D. Rathmann, J. K6hrle, J. Fiamoncini, H. Daniel, and
A. P.Kipp. 2014. “Hepatic Metabolite Profiles in Mice With a Suboptimal
Selenium Status.” Journal of Nutritional Biochemistry 25: 914-922.

Girdhani, S., S. M. Bhosle, S. A. Thulsidas, A. Kumar, and K. P.
Mishra. 2005. “Potential of Radiosensitizing Agents in Cancer Chemo-
Radiotherapy.” Journal of Cancer Research and Therapeutics 1: 129-131.

Goltyaev, M. V., V.N. Mal'tseva, and E. G. Varlamova. 2020. “Expression
of ER-Resident Selenoproteins and Activation of Cancer Cells Apoptosis
Mechanisms Under ER-Stress Conditions Caused by Methylseleninic
Acid.” Gene 755: 144884.

Gong, T., A. C. Hashimoto, A. R. Sasuclark, V. S. Khadka, A. Gurary,
and M. W. Pitts. 2021. “Selenoprotein M Promotes Hypothalamic Leptin
Signaling and Thioredoxin Antioxidant Activity.” Antioxidants & Redox
Signaling 35: 775-787.

Gong, Y.,J. Yang, J. Cai, Q. Liu, J. Zhang, and Z. Zhang. 2019. “Effect of
Gpx3 Gene Silencing by siRNA on Apoptosis and Autophagy in Chicken
Cardiomyocytes.” Journal of Cellular Physiology 234: 7828-7838.

Greenberger, J. S., V. E. Kagan, L. Pearce, G. Boriseniao, Y. Tyurina,
and M. W. Epperly. 2001. “Modulation of Redox Signal Transduction
Pathways in the Treatment of Cancer.” Antioxidants & Redox Signaling
3:347-359.

Gu, T., K. Wang, X. Yuan, H. Tang, S. Wang, and Z. Zhao. 2025. “The
Dual Role of GPX4 in Breast Cancer: Mechanisms of Therapeutic
Resistance and Potential for Novel Targeted Therapies.” Cancer Gene
Therapy 32, no. 9: 913-922.

Guariniello, S., G. Di Bernardo, G. Colonna, et al. 2015. “Evaluation of
the Selenotranscriptome Expression in Two Hepatocellular Carcinoma
Cell Lines.” Analytical Cellular Pathology (Amsterdam) 2015: 419561.

Guo, H., J. W. Gai, Y. Wang, et al. 2012. “Characterization of Hydrogen
Sulfide and Its Synthases, Cystathionine $-Synthase and Cystathionine
y-Lyase, in Human Prostatic Tissue and Cells.” Urology 79: 483-485.

Ha, H.Y., N. Alfulaij, M. J. Berry, and L. A. Seale. 2019. “From Selenium
Absorption to Selenoprotein Degradation.” Biological Trace Element
Research 192: 26-37.

Hadrup, N., and G. Ravn-Haren. 2023. “Toxicity of Repeated Oral
Intake of Organic Selenium, Inorganic Selenium, and Selenium
Nanoparticles: A Review.” Journal of Trace Elements in Medicine and
Biology 79:127235.

Hao, X., B. Zhao, M. Towers, et al. 2024. “TXNRD1 Drives the Innate
Immune Response in Senescent Cells With Implications for Age-
Associated Inflammation.” Nature Aging 4: 185-197.

Hariharan, S., and S. Dharmaraj. 2020. “Selenium and Selenoproteins:
It's Role in Regulation of Inflammation.” Inflammopharmacology 28:
667-695.

Hassannia, B., P. Vandenabeele, and T. Vanden Berghe. 2019. “Targeting
Ferroptosis to Iron out Cancer.” Cancer Cell 35: 830-849.

Hattori, H., H. Imai, K. Furuhama, O. Sato, and Y. Nakagawa. 2005.
“Induction of Phospholipid Hydroperoxide Glutathione Peroxidase
in Human Polymorphonuclear Neutrophils and HL60 Cells
Stimulated With TNF-Alpha.” Biochemical and Biophysical Research
Communications 337: 464-473.

Hauffe, R., V. Stein, C. Chudoba, et al. 2020. “GPx3 Dysregulation
Impacts Adipose Tissue Insulin Receptor Expression and Sensitivity.”
JCI Insight 5: €136283.

Hawkes, W. C., and Z. Alkan. 2011. “Delayed Cell Cycle Progression
From SEPW1 Depletion Is p53- and p21-Dependent in MCF-7 Breast
Cancer Cells.” Biochemical and Biophysical Research Communications
413: 36-40.

He, Q., H. Li, F. Meng, et al. 2018. “Methionine Sulfoxide Reductase
Bl Regulates Hepatocellular Carcinoma Cell Proliferation and
Invasion via the Mitogen-Activated Protein Kinase Pathway and

Epithelial-Mesenchymal Transition.” Oxidative Medicine and Cellular
Longevity 2018: 5287971.

Huang, H., S. Liu, L. Xu, et al. 2025. “Translational Selenium
Nanomedicine Synergizes With Nab-Paclitaxel to Enhance Antitumor
Effects in Esophageal Squamous Cell Cancer via Selenoprotein N-
Mediated ER Stress.” Journal of Nanobiotechnology 23: 294.

Huang, L.-J.,, X. T. Mao, Y. Y. Li, et al. 2021. “Multiomics Analyses
Reveal a Critical Role of Selenium in Controlling T Cell Differentiation
in Crohn's Disease.” Immunity 54: 1728-1744.

Huang, X., X. Yang, M. Zhang, et al. 2024. “SELENOI Functions as
a Key Modulator of Ferroptosis Pathway in Colitis and Colorectal
Cancer.” Advanced Science 11: €2404073.

Huang, Z., A. H. Rose, and P. R. Hoffmann. 2012. “The Role of Selenium
in Inflammation and Immunity: From Molecular Mechanisms to
Therapeutic Opportunities.” Antioxidants & Redox Signaling 16:
705-743.

Jia, Y., L. Zhang, X. Liu, et al. 2021. “Selenium Can Regulate the
Differentiation and Immune Function of Human Dendritic Cells.”
Biometals 34: 1365-1379.

Jiang, Q., Y. Pan, Y. Cheng, H. Li, and H. Li. 2016. “Protection of
Rat Liver Against Hepatic Ischemia-Reperfusion Injury by a Novel
Selenocysteine-Containing 7-Mer Peptide.” Molecular Medicine Reports
14:2007-2015.

Kelly, E., C. M. Greene, T. P. Carroll, N. G. McElvaney, and S. J. O'Neill.
2009. “Selenoprotein S/SEPS1 Modifies Endoplasmic Reticulum Stress
in Z Variant alphal-Antitrypsin Deficiency.” Journal of Biological
Chemistry 284: 16891-16897.

Kieliszek, M., I. Bano, and H. Zare. 2022. “A Comprehensive Review
on Selenium and Its Effects on Human Health and Distribution in
Middle Eastern Countries.” Biological Trace Element Research 200:
971-987.

Kieliszek, M., and S. Blazejak. 2016. “Current Knowledge on the
Importance of Selenium in Food for Living Organisms: A Review.”
Molecules 21: 609.

Kieliszek, M., and K. Sapazhenkava. 2025. “The Promising Role
of Selenium and Yeast in the Fight Against Protein Amyloidosis.”
Biological Trace Element Research 203: 1251-1268.

Kim, C. Y., and K.-H. Kim. 2013. “Dexamethasone-Induced
Selenoprotein S Degradation Is Required for Adipogenesis.” Journal of
Lipid Research 54: 2069-2082.

Kim, H., K. Lee, J. M. Kim, et al. 2021. “Selenoprotein W Ensures
Physiological Bone Remodeling by Preventing Hyperactivity of
Osteoclasts.” Nature Communications 12: 2258.

Kim, S. J., M. C. Choi, J. M. Park, and A. S. Chung. 2021. “Antitumor
Effects of Selenium.” International Journal of Molecular Sciences 22:
11844.

Knezevic, J., C. Starchl, A. Tmava Berisha, and K. Amrein. 2020.
“Thyroid-Gut-Axis: How Does the Microbiota Influence Thyroid
Function?” Nutrients 12: 1769.

Kojima, Y., Y. Kondo, T. Fujishita, et al. 2019. “Stromal Iodothyronine
Deiodinase 2 (DIO2) Promotes the Growth of Intestinal Tumors in
ApcA716 Mutant Mice.” Cancer Science 110: 2520-2528.

Kryukov, G. V., S. Castellano, S. V. Novoselov, et al. 2003.
“Characterization of Mammalian Selenoproteomes.” Science 300:
1439-1443.

Labunskyy, V. M., D. L. Hatfield, and V. N. Gladyshev. 2014.
“Selenoproteins: Molecular Pathways and Physiological Roles.”
Physiological Reviews 94: 739-777.

Lan, X., J. Xing, H. Gao, et al. 2017. “Decreased Expression of
Selenoproteins as a Poor Prognosticator of Gastric Cancer in Humans.”
Biological Trace Element Research 178: 22-28.

24 of 28

Food Science & Nutrition, 2025



Lee, B. C, S. G. Lee, M. K. Choo, et al. 2017. “Selenoprotein MsrB1
Promotes Anti-Inflammatory Cytokine Gene Expression in Macrophages
and Controls Immune Response in Vivo.” Scientific Reports 7: 5119.

Lee, T.-J.,, S. K. Nettleford, A. McGlynn, B. A. Carlson, G. S.
Kirimanjeswara, and K. S. Prabhu. 2022. “The Role of Selenoproteins
in Neutrophils During Inflammation.” Archives of Biochemistry and
Biophysics 732: 109452.

Lei, X. G., W.-H. Cheng, and J. P. McClung. 2007. “Metabolic Regulation
and Function of Glutathione Peroxidase-1.” Annual Review of Nutrition
27:41-61.

Leiter, O., Z. Zhuo, R. Rust, et al. 2022. “Selenium Mediates Exercise-
Induced Adult Neurogenesis and Reverses Learning Deficits Induced
by Hippocampal Injury and Aging.” Cell Metabolism 34: 408-423.e8.

Li, H., Q. He, F. Meng, et al. 2018. “Methionine Sulfoxide Reductase Bl
Regulates Proliferation and Invasion by Affecting Mitogen-Activated
Protein Kinase Pathway and Epithelial-Mesenchymal Transition in
u2os Cells.” Biochemical and Biophysical Research Communications
496: 806-813.

Li, N., Z. Zhang, L. Shen, et al. 2025. “Selenium Metabolism and
Selenoproteins Function in Brain and Encephalopathy.” Science China.
Life Sciences 68: 628-656.

Li, P.,, M. Jiang, K. Li, et al. 2021. “Glutathione Peroxidase 4-Regulated
Neutrophil Ferroptosis Induces Systemic Autoimmunity.” Nature
Immunology 22:1107-1117.

Li, Y., D. Feng, Z. Wang, et al. 2019. “Ischemia-Induced ACSL4
Activation Contributes to Ferroptosis-Mediated Tissue Injury in
Intestinal Ischemia/Reperfusion.” Cell Death and Differentiation 26:
2284-2299.

Li, Z., L. Ferguson, K. K. Deol, et al. 2022. “Ribosome Stalling During
Selenoprotein Translation Exposes a Ferroptosis Vulnerability.” Nature
Chemical Biology 18: 751-761.

Liang, H., S. E. Yoo, R. Na, C. A. Walter, A. Richardson, and Q. Ran.
2009. “Short Form Glutathione Peroxidase 4 Is the Essential Isoform
Required for Survival and Somatic Mitochondrial Functions.” Journal
of Biological Chemistry 284: 30836-30844.

Lin, H.-C., C. W. Yeh, Y. F. Chen, et al. 2018. “C-Terminal End-Directed
Protein Elimination by CRL2 Ubiquitin Ligases.” Molecular Cell 70:
602-613.

Liu, J., X. Han, T. Zhang, K. Tian, Z. Li, and F. Luo. 2023. “Reactive
Oxygen Species (ROS) Scavenging Biomaterials for Anti-Inflammatory
Diseases: From Mechanism to Therapy.” Journal of Hematology &
Oncology 16: 116.

Liu, J., Y. Liu, Y. Wang, et al. 2023. “TMEM164 Is a New Determinant of
Autophagy-Dependent Ferroptosis.” Autophagy 19: 945-956.

Liu, Q.,P.Du, Y. Zhu, X. Zhang, J. Cai, and Z. Zhang. 2022. “Thioredoxin
Reductase 3 Suppression Promotes Colitis and Carcinogenesis via
Activating Pyroptosis and Necrosis.” Cellular and Molecular Life
Sciences 79: 106.

Liu, Y., Y. Wan, Y. Jiang, L. Zhang, and W. Cheng. 2023. “GPX4: The Hub
of Lipid Oxidation, Ferroptosis, Disease and Treatment.” Biochimica Et
Biophysica Acta. Reviews on Cancer 1878: 188890.

Liu, Y., L. Wang, X. Zhang, et al. 2021. “A Novel Cystathionine y-Lyase
Inhibitor, 1194496, Inhibits the Growth and Metastasis of Human
TNBC via Downregulating Multiple Signaling Pathways.” Scientific
Reports 11: 8963.

Liu, Y., H. Xia, Y. Wang, et al. 2024. “Prognosis and Immunotherapy in
Melanoma Based on Selenoprotein k-Related Signature.” International
Immunopharmacology 137: 112436.

Lubos, E., J. Loscalzo, and D. E. Handy. 2011. “Glutathione Peroxidase-1
in Health and Disease: From Molecular Mechanisms to Therapeutic
Opportunities.” Antioxidants & Redox Signaling 15: 1957-1997.

Ma, C., and P. R. Hoffmann. 2021. “Selenoproteins as Regulators of T
Cell Proliferation, Differentiation, and Metabolism.” Seminars in Cell &
Developmental Biology 115: 54-61.

Ma, C., V. Martinez-Rodriguez, and P. R. Hoffmann. 2021. “Roles for
Selenoprotein I and Ethanolamine Phospholipid Synthesis in T Cell
Activation.” International Journal of Molecular Sciences 22: 11174.

Ma, T., J. du, Y. Zhang, Y. Wang, B. Wang, and T. Zhang. 2022. “GPX4-
Independent Ferroptosis-A New Strategy in Disease's Therapy.” Cell
Death Discovery 8: 434.

MacFarquhar, J. K., D. L. Broussard, P. Melstrom, et al. 2010. “Acute
Selenium Toxicity Associated With a Dietary Supplement.” Archives of
Internal Medicine 170: 256-261.

Marciel, M. P., and P. R. Hoffmann. 2019. “Molecular Mechanisms by
Which Selenoprotein K Regulates Immunity and Cancer.” Biological
Trace Element Research 192: 60-68.

Maroney, M. J., and R. J. Hondal. 2018. “Selenium Versus Sulfur:
Reversibility of Chemical Reactions and Resistance to Permanent
Oxidation in Proteins and Nucleic Acids.” Free Radical Biology &
Medicine 127: 228-237.

Mazaheri-Tehrani, S., M. A. Haghighatpanah, A. P. Abhari, M.
Fakhrolmobasheri, A. Shekarian, and M. Kieliszek. 2024. “Dynamic
Changes of Serum Trace Elements Following Cardiac Surgery: A
Systematic Review and Meta-Analysis.” Journal of Trace Elements in
Medicine and Biology 81: 127331.

Mehta, S. L., N. Mendelev, S. Kumari, and P. Andy Li. 2013.
“Overexpression of Human Selenoprotein H in Neuronal Cells Enhances
Mitochondrial Biogenesis and Function Through Activation of Protein
Kinase A, Protein Kinase B, and Cyclic Adenosine Monophosphate
Response Element-Binding Protein Pathway.” International Journal of
Biochemistry & Cell Biology 45: 604-611.

Meng, C., K. Lin, W. Shi, et al. 2025. “Histone Methyltransferase ASH1L
Primes Metastases and Metabolic Reprogramming of Macrophages in
the Bone Niche.” Nature Communications 16: 4681.

Miao, Z., W. Wang, Z. Miao, Q. Cao, and S. Xu. 2024. “Role of
Selenoprotein W in Participating in the Progression of Non-Alcoholic
Fatty Liver Disease.” Redox Biology 71: 103114.

Misra, S., T. J. Lee, A. Sebastian, et al. 2023. “Loss of Selenoprotein W in
Murine Macrophages Alters the Hierarchy of Selenoprotein Expression,
Redox Tone, and Mitochondrial Functions During Inflammation.”
Redox Biology 59: 102571.

Mistry, H. D., F. Broughton Pipkin, C. W. G. Redman, and L. Poston.
2012. “Selenium in Reproductive Health.” American Journal of
Obstetrics and Gynecology 206: 21-30.

Moghadaszadeh, B., N. Petit, C. Jaillard, et al. 2001. “Mutations in
SEPN1 Cause Congenital Muscular Dystrophy With Spinal Rigidity and
Restrictive Respiratory Syndrome.” Nature Genetics 29: 17-18.

Mosser, D. M., and J. P. Edwards. 2008. “Exploring the Full Spectrum of
Macrophage Activation.” Nature Reviews. Immunology 8: 958-969.

Nappi, A., C. Miro, A. G. Cicatiello, et al. 2025. “The Thyroid Hormone
Activating Enzyme, DIO2, Is a Potential Pan-Cancer Biomarker and
Immunotherapy Target.” Journal of Endocrinological Investigation 48:
1149-1172.

Nascentes Melo, L. M., M. Sabatier, V. Ramesh, et al. 2025. “Selenoprotein
O Promotes Melanoma Metastasis and Regulates Mitochondrial
Complex IT Activity.” Cancer Research 85: 942-955.

Nease, L. A., K. P. Church, I. Delclaux, et al. 2024. “Selenocysteine
tRNA Methylation Promotes Oxidative Stress Resistance in Melanoma
Metastasis.” Nature Cancer 5: 1868-1884.

Newton, T. D., and M. D. Pluth. 2019. “Development of a Hydrolysis-
Based Small-Molecule Hydrogen Selenide (H2Se) Donor.” Chemical
Science 10: 10723-10727.

Food Science & Nutrition, 2025

250f 28



Ni, J., K. Chen, J. Zhang, and X. Zhang. 2021. “Inhibition of GPX4 or
mTOR Overcomes Resistance to Lapatinib via Promoting Ferroptosis in
NSCLC Cells.” Biochemical and Biophysical Research Communications
567:154-160.

Nickel, A., G. Kottra, G. Schmidt, J. Danier, T. Hofmann, and H. Daniel.
2009. “Characteristics of Transport of Selenoamino Acids by Epithelial
Amino Acid Transporters.” Chemico-Biological Interactions 177:
234-241.

Noda, C., H. Kimura, K. Arasaki, et al. 2014. “Valosin-Containing
Protein-Interacting Membrane Protein (VIMP) Links the Endoplasmic
Reticulum With Microtubules in Concert With Cytoskeleton-Linking
Membrane Protein (CLIMP)-63.” Journal of Biological Chemistry 289:
24304-24313.

Nunes, L. G. A., A. Cain, C. Comyns, P. R. Hoffmann, and N. Krahn.
2023. “Deciphering the Role of Selenoprotein M.” Antioxidants 12: 1906.

Nunes, L. G. A., M. W. Pitts, and P. R. Hoffmann. 2022. “Selenoprotein I
(Selenoi) as a Critical Enzyme in the Central Nervous System.” Archives
of Biochemistry and Biophysics 729: 109376.

Nunziata, C., A. Polo, A. Sorice, et al. 2019. “Structural Analysis of
Human SEPHS2 Protein, a Selenocysteine Machinery Component,
Over-Expressed in Triple Negative Breast Cancer.” Scientific Reports 9:
16131.

Olm, E., A. P. Fernandes, C. Hebert, et al. 2009. “Extracellular Thiol-
Assisted Selenium Uptake Dependent on the x(c)- Cystine Transporter
Explains the Cancer-Specific Cytotoxicity of Selenite.” Proceedings of
the National Academy of Sciences of the United States of America 106:
11400-11405.

Papp, L. V., J. Lu, A. Holmgren, and K. K. Khanna. 2007. “From
Selenium to Selenoproteins: Synthesis, Identity, and Their Role in
Human Health.” Antioxidants & Redox Signaling 9: 775-806.

Pei, J., X. Pan, G. Wei, and Y. Hua. 2023. “Research Progress of
Glutathione Peroxidase Family (GPX) in Redoxidation.” Frontiers in
Pharmacology 14: 1147414.

Phillips, C. M., J. R. Zatarain, M. E. Nicholls, et al. 2017. “Upregulation of
Cystathionine-f-Synthase in Colonic Epithelia Reprograms Metabolism
and Promotes Carcinogenesis.” Cancer Research 77: 5741-5754.

Pitts, M. W., M. A. Reeves, A. C. Hashimoto, et al. 2013. “Deletion of
Selenoprotein M Leads to Obesity Without Cognitive Deficits.” Journal
of Biological Chemistry 288: 26121-26134.

Polo, A., S. Guariniello, G. Colonna, G. Ciliberto, and S. Costantini. 2016.
“A Study on the Structural Features of SELK, an Over-Expressed Protein
in Hepatocellular Carcinoma, by Molecular Dynamics Simulations in a
Lipid-Water System.” Molecular BioSystems 12: 3209-3222.

Poplawski, P., B. Rybicka, J. Boguslawska, et al. 2017. “Induction of
Type 1 Iodothyronine Deiodinase Expression Inhibits Proliferation and
Migration of Renal Cancer Cells.” Molecular and Cellular Endocrinology
442: 58-67.

Pothion, H., C. Jehan, H. Tostivint, et al. 2020. “Selenoprotein T: An
Essential Oxidoreductase Serving as a Guardian of Endoplasmic
Reticulum Homeostasis.” Antioxidants & Redox Signaling 33:1257-1275.

Prabhu, K. S. 2023. “The Selenoprotein P-LRP5/6-WNT3A Complex
Promotes Tumorigenesis in Sporadic Colorectal Cancer.” Journal of
Clinical Investigation 133: e171885.

Qian, F., S. Misra, and K. S. Prabhu. 2019. “Selenium and Selenoproteins
in Prostanoid Metabolism and Immunity.” Critical Reviews in
Biochemistry and Molecular Biology 54: 484-516.

Rasmussen, L. B., L. Schomburg, J. Kohrle, et al. 2011. “Selenium Status,
Thyroid Volume, and Multiple Nodule Formation in an Area With Mild
Iodine Deficiency.” European Journal of Endocrinology 164: 585-590.

Rayman, M. P. 2008. “Food-Chain Selenium and Human Health:
Emphasis on Intake.” British Journal of Nutrition 100: 254-268.

Rayman, M. P., H. G. Infante, and M. Sargent. 2008. “Food-Chain
Selenium and Human Health: Spotlight on Speciation.” British Journal
of Nutrition 100: 238-253.

Rayman, M. P. 2012. “Selenium and Human Health.” Lancet 379:
1256-1268.

Rayman, M. P. 2020. “Selenium Intake, Status, and Health: A Complex
Relationship.” Hormones 19: 9-14.

Razaghi, A., and M. Bjornstedt. 2024. “Exploring Selenoprotein P in
Liver Cancer: Advanced Statistical Analysis and Machine Learning
Approaches.” Cancers 16: 2382.

Razaghi, A., M. Poorebrahim, D. Sarhan, and M. Bjornstedt. 2021.
“Selenium Stimulates the Antitumour Immunity: Insights to Future
Research.” European Journal of Cancer 155: 256-267.

Reich, H. J.,, and R. J. Hondal. 2016. “Why Nature Chose Selenium.”
ACS Chemical Biology 11: 821-841.

Ren, Z., H. Liang, P. M. Galbo Jr., et al. 2022. “Redox Signaling by
Glutathione Peroxidase 2 Links Vascular Modulation to Metabolic
Plasticity of Breast Cancer.” Proceedings of the National Academy of
Sciences of the United States of America 119: €2107266119.

Roman, M., P. Jitaru, and C. Barbante. 2014. “Selenium Biochemistry
and Its Role for Human Health.” Metallomics: Integrated Biometal
Science 6: 25-54.

Roveri, A., L. Flohé, M. Maiorino, and F. Ursini. 2002. “Phospholipid-
Hydroperoxide Glutathione Peroxidase in Sperm.” Methods in
Enzymology 347: 208-212.

Rusu, M. E., L. Fizesan, L. Vlase, and D.-S. Popa. 2022. “Antioxidants in
Age-Related Diseases and Anti-Aging Strategies.” Antioxidants 11: 1868.

Sanceau, J., L. Poupel, C. Joubel, et al. 2024. “DLK1/DIO3 Locus
Upregulation by a p-Catenin-Dependent Enhancer Drives Cell
Proliferation and Liver Tumorigenesis.” Molecules Therapy 32:
1125-1143.

Santos, I., C. Ramos, C. Mendes, et al. 2019. “Targeting Glutathione and
Cystathionine 3-Synthase in Ovarian Cancer Treatment by Selenium-
Chrysin Polyurea Dendrimer Nanoformulation.” Nutrients 11: 2523.

Santos, L. R., C. Durdes, P. G. Ziros, et al. 2019. “Interaction of Genetic
Variations in NFE2L2 and SELENOS Modulates the Risk of Hashimoto's
Thyroiditis.” Thyroid 29: 1302-1315.

Sasuclark, A. R., V. S. Khadka, and M. W. Pitts. 2019. “Cell-Type Specific
Analysis of Selenium-Related Genes in Brain.” Antioxidants 8: 120.

Schomburg, L. 2020. “The Other View: The Trace Element Selenium as
a Micronutrient in Thyroid Disease, Diabetes, and Beyond.” Hormones
19: 15-24.

Schomburg, L. 2021. “Selenium Deficiency due to Diet, Pregnancy,
Severe Illness, or COVID-19-A Preventable Trigger for Autoimmune
Disease.” International Journal of Molecular Sciences 22: 8532.

Schomburg, L. 2022. “Selenoprotein P-Selenium Transport Protein,
Enzyme and Biomarker of Selenium Status.” Free Radical Biology &
Medicine 191: 150-163.

See, K. A.,P.S. Lavercombe, J. Dillon, and R. Ginsberg. 2006. “Accidental
Death From Acute Selenium Poisoning.” Medical Journal of Australia
185: 388-389.

Seibt, T. M., B. Proneth, and M. Conrad. 2019. “Role of GPX4 in
Ferroptosis and Its Pharmacological Implication.” Free Radical Biology
& Medicine 133: 144-152.

Sen, S., B. Kawahara, D. Gupta, et al. 2015. “Role of Cystathionine {3-
Synthase in Human Breast Cancer.” Free Radical Biology & Medicine
86:228-238.

Serrdo, V. H. B,, I. R. Silva, M. T. A. da Silva, J. F. Scortecci, A. de Freitas
Fernandes, and O. H. Thiemann. 2018. “The Unique tRNASec and Its
Role in Selenocysteine Biosynthesis.” Amino Acids 50: 1145-1167.

26 of 28

Food Science & Nutrition, 2025



Seyedali, A., and M. J. Berry. 2014. “Nonsense-Mediated Decay Factors
Are Involved in the Regulation of Selenoprotein mRNA Levels During
Selenium Deficiency.” RNA 20: 1248-1256.

Silvestre-Roig, C., Q. Braster, A. Ortega-Gomez, and O. Soehnlein.
2020. “Neutrophils as Regulators of Cardiovascular Inflammation.”
Nature Reviews. Cardiology 17: 327-340.

Simister, P. C., and S. M. Feller. 2012. “Order and Disorder in Large
Multi-Site Docking Proteins of the Gab Family-Implications for
Signalling Complex Formation and Inhibitor Design Strategies.”
Molecular BioSystems 8: 33-46.

Snider, G. W., E. Ruggles, N. Khan, and R. J. Hondal. 2013.
“Selenocysteine Confers Resistance to Inactivation by Oxidation in
Thioredoxin Reductase: Comparison of Selenium and Sulfur Enzymes.”
Biochemistry 52: 5472-5481.

Solovyev, N., E. Drobyshev, G. Bjerklund, Y. Dubrovskii, R. Lysiuk,
and M. P. Rayman. 2018. “Selenium, Selenoprotein P, and Alzheimer's
Disease: Is There a Link?” Free Radical Biology & Medicine 127:124-133.

Song, G.-L., C. Chen, Q. Y. Wu, et al. 2018. “Selenium-Enriched Yeast
Inhibited -Amyloid Production and Modulated Autophagy in a
Triple Transgenic Mouse Model of Alzheimer's Disease.” Metallomics:
Integrated Biometal Science 10: 1107-1115.

Soula, M., R. A. Weber, O. Zilka, et al. 2020. “Metabolic Determinants
of Cancer Cell Sensitivity to Canonical Ferroptosis Inducers.” Nature
Chemical Biology 16: 1351-1360.

Stockwell, B. R., J. P. Friedmann Angeli, H. Bayir, et al. 2017.
“Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism,
Redox Biology, and Disease.” Cell 171: 273-285.

Stoffaneller, R., and N. L. Morse. 2015. “A Review of Dietary Selenium
Intake and Selenium Status in Europe and the Middle East.” Nutrients
7:1494-1537.

Stoupa, A., M. M. Franca, M. Abdulhadi-Atwan, et al. 2024. “Severe
Neurodevelopmental Phenotype, Diagnostic, and Treatment Challenges
in Patients With SECISBP2 Deficiency.” Genetics in Medicine 26: 101280.

Sun, Y., P. Chen, B. Zhai, et al. 2020. “The Emerging Role of Ferroptosis
in Inflammation.” Biomedecine Pharmacother 127: 110108.

Suzuki, K. T., and Y. Ogra. 2002. “Metabolic Pathway for Selenium
in the Body: Speciation by HPLC-ICP MS With Enriched se.” Food
Additives and Contaminants 19: 974-983.

Szabo, C., C. Coletta, C. Chao, et al. 2013. “Tumor-Derived Hydrogen
Sulfide, Produced by Cystathionine-8-Synthase, Stimulates
Bioenergetics, Cell Proliferation, and Angiogenesis in Colon Cancer.”
Proceedings of the National Academy of Sciences of the United States of
America 110: 12474-12479.

Thu, V. T., H. K. Kim, S. H. Ha, et al. 2010. “Glutathione Peroxidase
1 Protects Mitochondria Against Hypoxia/Reoxygenation Damage in
Mouse Hearts.” Pfliigers Archiv 460: 55-68.

Tutel'ian, V. A. 2009. “Norms of Physiological Requirements in Energy
and Nutrients in Various Groups of Population in Russian Federation.”
Voprosy Pitaniia 78: 4-15.

Ursini, F., S. Heim, M. Kiess, et al. 1999. “Dual Function of the
Selenoprotein  PHGPx During Sperm Maturation.” Science 285:
1393-1396.

Ursini, F., M. Maiorino, M. Valente, L. Ferri, and C. Gregolin.
1982. “Purification From Pig Liver of a Protein Which Protects
Liposomes and Biomembranes From Peroxidative Degradation and
Exhibits Glutathione Peroxidase Activity on Phosphatidylcholine
Hydroperoxides.” Biochimica et Biophysica Acta 710: 197-211.

van der Spek, A. H., K. K. Jim, A. Karaczyn, et al. 2018. “The Thyroid
Hormone Inactivating Type 3 Deiodinase Is Essential for Optimal
Neutrophil Function: Observations From Three Species.” Endocrinology
159: 826-835.

Varlamova, E. G., M. V. Goltyaev, V. N. Mal'tseva, et al. 2021.
“Mechanisms of the Cytotoxic Effect of Selenium Nanoparticles in
Different Human Cancer Cell Lines.” International Journal of Molecular
Sciences 22: 7798.

Varlamova, E. G.,and E. A. Turovsky. 2021. “The Main Cytotoxic Effects
of METHYLSELENINIC Acid on Various Cancer Cells.” International
Journal of Molecular Sciences 22: 6614.

Verma, S., F. W. Hoffmann, M. Kumar, et al. 2011. “Selenoprotein K
Knockout Mice Exhibit Deficient Calcium Flux in Immune Cells and
Impaired Immune Responses.” Journal of Immunology 186: 2127-2137.

Vinceti, M., T. Filippini, and L. A. Wise. 2018. “Environmental Selenium
and Human Health: An Update.” Current Environmental Health Reports
5:464-485.

Vorobjeva, N. V., M. A. Chelombitko, G. F. Sud'ina, R. A. Zinovkin,
and B. V. Chernyak. 2023. “Role of Mitochondria in the Regulation of
Effector Functions of Granulocytes.” Cells 12: 2210.

Vozza, G., M. Khalid, H. J. Byrne, S. M. Ryan, and J. M. Frias. 2019.
“Nutraceutical Formulation, Characterisation, and In-Vitro Evaluation
of Methylselenocysteine and Selenocystine Using Food Derived
Chitosan:Zein Nanoparticles.” Food Research International 120:
295-304.

Walder, K., L. Kantham, J. S. McMillan, et al. 2002. “Tanis: A Link
Between Type 2 Diabetes and Inflammation?” Diabetes 51: 1859-1866.

Wang, L., H. Shi, Y. Liu, et al. 2019. “Cystathionine-y-Lyase Promotes
the Metastasis of Breast Cancer via the VEGF Signaling Pathway.”
International Journal of Oncology 55: 473-487.

Wang, L., H. Shi, X. Zhang, et al. 2019. “I157172, a Novel Inhibitor of
Cystathionine y-Lyase, Inhibits Growth and Migration of Breast Cancer
Cells via SIRT1-Mediated Deacetylation of STAT3.” Oncology Reports
41: 427-436.

Wang, Q., C. Bin, Q. Xue, et al. 2021. “GSTZ1 Sensitizes Hepatocellular
Carcinoma Cells to Sorafenib-Induced Ferroptosis via Inhibition of
NRF2/GPX4 Axis.” Cell Death & Disease 12: 426.

Wang, R., S. Wang, Y. Mi, et al. 2025. “Elevated Serum Levels of
GPX4, NDUFS4, PRDX5, and TXNRD2 as Predictive Biomarkers for
Castration Resistance in Prostate Cancer Patients: An Exploratory
Study.” British Journal of Cancer 132: 543-557.

Wang, R.-H., Y.-H. Chu, and K.-T. Lin. 2021. “The Hidden Role of
Hydrogen Sulfide Metabolism in Cancer.” International Journal of
Molecular Sciences 22: 6562.

Wang, Z., J. Zhu, Y. Liu, Z. Wang, X. Cao, and Y. Gu. 2022. “Tumor-
Polarized GPX3+4 AT2 Lung Epithelial Cells Promote Premetastatic
Niche Formation.” Proceedings of the National Academy of Sciences of
the United States of America 119: €2201899119.

Weaver, K., and R. Skouta. 2022. “The Selenoprotein Glutathione
Peroxidase 4: From Molecular Mechanisms to Novel Therapeutic
Opportunities.” Biomedicine 10: 891.

Weekley, C. M., and H. H. Harris. 2013. “Which Form Is That? The
Importance of Selenium Speciation and Metabolism in the Prevention
and Treatment of Disease.” Chemical Society Reviews 42: 8870-8894.

Whanger, P. D. 2000. “Selenoprotein W: A Review.” Cellular and
Molecular Life Sciences: CMLS 57: 1846-1852.

Winterbourn, C. C., A. J. Kettle, and M. B. Hampton. 2016. “Reactive
Oxygen Species and Neutrophil Function.” Annual Review of
Biochemistry 85: 765-792.

Worbs, T., S. I. Hammerschmidt, and R. Forster. 2017. “Dendritic Cell
Migration in Health and Disease.” Nature Reviews. Immunology 17:
30-48.

Wu, X., G. Zhao, Y. He, W. Wang, C. S. Yang, and J. Zhang. 2019.
“Pharmacological Mechanisms of the Anticancer Action of Sodium

Food Science & Nutrition, 2025

27 of 28



Selenite Against Peritoneal Cancer in Mice.” Pharmacological Research
147:104360.

Wynn, T. A., A. Chawla, and J. W. Pollard. 2013. “Macrophage Biology
in Development, Homeostasis and Disease.” Nature 496: 445-455.

Xavier, N., T. da Silva, J. P. Friedmann Angeli, and I. Ingold. 2022.
“GPX4: Old Lessons, New Features.” Biochemical Society Transactions
50:1205-1213.

Xia, H., Y. Wang, J. Dai, et al. 2022. “Selenoprotein K Is Essential for the
Migration and Phagocytosis of Immature Dendritic Cells.” Antioxidants
11: 1264.

Xia, X., X. Zhang, M. Liu, et al. 2021. “Toward Improved Human Health:
Efficacy of Dietary Selenium on Immunity at the Cellular Level.” Food
& Function 12: 976-989.

Xie, Y., W. Hou, X. Song, et al. 2016. “Ferroptosis: Process and Function.”
Cell Death and Differentiation 23: 369-379.

Xie, Y., R. Kang, D. J. Klionsky, and D. Tang. 2023. “GPX4 in Cell Death,
Autophagy, and Disease.” Autophagy 19: 2621-2638.

Xu, C., S. Sun, T. Johnson, et al. 2021. “The Glutathione Peroxidase
Gpx4 Prevents Lipid Peroxidation and Ferroptosis to Sustain Treg Cell
Activation and Suppression of Antitumor Immunity.” Cell Reports 35:
109235.

Xu, G. L., S. C. Wang, B. Q. Gu, et al. 1997. “Further Investigation on
the Role of Selenium Deficiency in the Aetiology and Pathogenesis
of Keshan Disease.” Biomedical and Environmental Sciences 10:
316-326.

Xue, Q., D. Yan, X. Chen, et al. 2023. “Copper-Dependent Autophagic
Degradation of GPX4 Drives Ferroptosis.” Autophagy 19: 1982-1996.

Yagublu, V., J. R. Arthur, S. N. Babayeva, F. Nicol, S. Post, and M. Keese.
2011. “Expression of Selenium-Containing Proteins in Human Colon
Carcinoma Tissue.” Anticancer Research 31: 2693-2698.

Yakubov, E., M. Buchfelder, I. Y. Eyiipoglu, and N. E. Savaskan. 2014.
“Selenium Action in Neuro-Oncology.” Biological Trace Element
Research 161: 246-254.

Yan, J., Y. Fei, Y. Han, and S. Lu. 2016. “Selenoprotein O Deficiencies
Suppress Chondrogenic Differentiation of ATDCS5 Cells.” Cell Biology
International 40: 1033-1040.

Yang, C., Y. Zhang, S. Lin, Y. Liu, and W. Li. 2021. “Suppressing the
KIF20A/NUAK1/Nrf2/GPX4 Signaling Pathway Induces Ferroptosis
and Enhances the Sensitivity of Colorectal Cancer to Oxaliplatin.”
Aging 13: 13515-13534.

Yang, D., Q. Guo, Y. Liang, et al. 2020. “Wogonin Induces Cellular
Senescence in Breast Cancer via Suppressing TXNRD2 Expression.”
Archives of Toxicology 94: 3433-3447.

Yang, H.,and X. Jia. 2014. “Safety Evaluation of se-Methylselenocysteine
as Nutritional Selenium Supplement: Acute Toxicity, Genotoxicity and
Subchronic Toxicity.” Regul. Toxicol. Pharmacol. RTP 70: 720-727.

Yang, J., L. Zhang, C. Yu, X.-F. Yang, and H. Wang. 2014. “Monocyte
and Macrophage Differentiation: Circulation Inflammatory Monocyte
as Biomarker for Inflammatory Diseases.” Biomarker Research 2: 1.

Yang, W. S, R. SriRamaratnam, M. E. Welsch, et al. 2014. “Regulation of
Ferroptotic Cancer Cell Death by GPX4.” Cell 156: 317-331.

Yao, H.-D., Q. Wu, Z. W. Zhang, et al. 2013. “Selenoprotein W Serves as
an Antioxidant in Chicken Myoblasts.” Biochimica et Biophysica Acta
1830: 3112-3120.

Ye, S., R. Lin, N. Guo, et al. 2022. “Bioinformatics Analysis on the
Expression of GPX Family in Gastric Cancer and Its Correlation With
the Prognosis of Gastric Cancer.” Heliyon 8: €12214.

Ye, Y., Y. Shibata, C. Yun, D. Ron, and T. A. Rapoport. 2004. “A
Membrane Protein Complex Mediates Retro-Translocation From the
ER Lumen Into the Cytosol.” Nature 429: 841-847.

Yoshida, M., S. Minagawa, J. Araya, et al. 2019. “Involvement of Cigarette
Smoke-Induced Epithelial Cell Ferroptosis in COPD Pathogenesis.”
Nature Communications 10: 3145.

Yoshioka, J. 2015. “Thioredoxin Reductase 2 (Txnrd2) Regulates
Mitochondrial Integrity in the Progression of Age-Related Heart
Failure.” Journal of the American Heart Association 4: e002278.

You, J.,, X. Shi, H. Liang, et al. 2017. “Cystathionine- y-Lyase Promotes
Process of Breast Cancer in Association With STAT3 Signaling
Pathway.” Oncotarget 8: 65677-65686.

Youness, R. A., A. Z. Gad, K. Sanber, et al. 2021. “Targeting Hydrogen
Sulphide Signaling in Breast Cancer.” Journal of Advanced Research 27:
177-190.

Yu, S.-S., and J.-L. Du. 2017. “Selenoprotein S: A Therapeutic Target for
Diabetes and Macroangiopathy?” Cardiovascular Diabetology 16: 101.

Yuan, L., S. Li, Q. Chen, et al. 2022. “EBV Infection-Induced GPX4
Promotes Chemoresistance and Tumor Progression in Nasopharyngeal
Carcinoma.” Cell Death and Differentiation 29: 1513-1527.

Zeng, M. Y., I. Miralda, C. L. Armstrong, S. M. Uriarte, and J. Bagaitkar.
2019. “The Roles of NADPH Oxidase in Modulating Neutrophil Effector
Responses.” Molecular Oral Microbiology 34: 27-38.

Zhang, D.-G., T.Zhao, X.J. Xu, et al. 2022. “Selenoprotein F (SELENOF)-
Mediated AKT1-FOXO3a-PYGL Axis Contributes to Selenium
Supranutrition-Induced Glycogenolysis and Lipogenesis.” Biochimica et
Biophysica Acta, Gene Regulatory Mechanisms 1865: 194814.

Zhang, F., X. Li, and Y. Wei. 2023. “Selenium and Selenoproteins in
Health.” Biomolecules 13: 799.

Zhang, L., Q. Zhao, L. Mao, et al. 2021. “Bioinformatics Analyses
Reveal the Prognostic Value and Biological Roles of SEPHS2 in Various
Cancers.” International Journal of General Medicine 14: 6059-6076.

Zhang, Q., M. Raoof, Y. Chen, et al. 2010. “Circulating Mitochondrial
DAMPs Cause Inflammatory Responses to Injury.” Nature 464:
104-107.

Zhang, W.,Y. Liu, Y. Liao, C. Zhu, and Z. Zou. 2024. “GPX4, Ferroptosis,
and Diseases.” Biomedicine and Pharmacotherapy 174: 116512.

Zhang, X., W. Xiong, L.-L. Chen, J.-Q. Huang, and X. G. Lei. 2020.
“Selenoprotein V Protects Against Endoplasmic Reticulum Stress and
Oxidative Injury Induced by Pro-Oxidants.” Free Radical Biology &
Medicine 160: 670-679.

Zhao, H., J. Tang, J. Xu, et al. 2015. “Selenoprotein Genes Exhibit
Differential Expression Patterns Between Hepatoma HepG2 and
Normal Hepatocytes LO2 Cell Lines.” Biological Trace Element Research
167: 236-241.

Zhao, Y., P. Chen, H. J. Ly, et al. 2022. “Comprehensive Analysis of
Expression and Prognostic Value of Selenoprotein Genes in Thyroid
Cancer.” Genetic Testing and Molecular Biomarkers 26: 159-173.

Zhou, X., H. Wang, S. Lian, J. Wang, and R. Wu. 2021. “Effect of
Copper, Zinc, and Selenium on the Formation of Bovine Neutrophil
Extracellular Traps.” Biological Trace Element Research 199: 3312-3318.

Zhu, H., S. Blake, K. T. Chan, R. B. Pearson, and J. Kang. 2018.
“Cystathionine 3-Synthase in Physiology and Cancer.” BioMed Research
International 2018: 3205125.

Zhu, K., S. Yang, T. Li, et al. 2022. “Advances in the Study of the
Mechanism by Which Selenium and Selenoproteins Boost Immunity to
Prevent Food Allergies.” Nutrients 14: 3133.

28 of 28

Food Science & Nutrition, 2025



	Metabolic Functions and Mechanisms of Selenium, Selenocysteine, and GPX4 Mediated Immune Regulation Through Autophagy in Solid Tumors
	ABSTRACT
	1   |   Introduction
	2   |   Methodology
	2.1   |   Search Strategy
	2.2   |   Search and Article Redirection
	2.3   |   Results

	3   |   Trace Element Selenium
	4   |   Selenoproteins
	4.1   |   Selenocysteine (Sec)
	4.1.1   |   The Synthesis Mechanism of Selenocysteine
	4.1.2   |   Functional Studies of Selenocysteine

	4.2   |   Selenoprotein N (SELENON)
	4.3   |   Selenoprotein P (SELENOP)
	4.4   |   Selenoprotein K (SELENOK)
	4.5   |   Selenoprotein S (SELENOS)
	4.6   |   Selenoprotein W (SELENOW)
	4.7   |   Selenoprotein M (SELENOM)
	4.8   |   GPX4

	5   |   Role of Selenium in Immune Mechanisms
	5.1   |   Mechanisms of Selenium in the Anti-Inflammatory Response
	5.2   |   Mechanisms of Selenium in Antioxidant Response
	5.3   |   Mechanisms of Selenium in Innate Immunity
	5.3.1   |   Selenium and Granulocytes (PMN)
	5.3.2   |   Selenium and Dendritic Cells (DCs)
	5.3.3   |   Selenium and Macrophages (BMDM)

	5.4   |   Mechanisms of Selenium in Adaptive Immunity
	5.4.1   |   Selenium and T and B Lymphocytes


	6   |   Selenium Metabolism in Solid Tumors
	6.1   |   Overview of Selenium Metabolism
	6.2   |   Selenium Metabolism in Solid Tumors
	6.2.1   |   Role of Selenium Phosphate Synthase 2 (SEPHS2) in Selenium Metabolism and Cancer
	6.2.2   |   Role of Cystathionine Gamma Enzyme (CSE) in Selenium Metabolism and Cancer
	6.2.3   |   Role of Cystathionine Beta-Synthase (CBS) in Selenium Metabolism and Cancer


	7   |   Autophagy-Regulated GPX4 Homeostasis Coordinates Iron Prolapse and Cancer
	8   |   Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


