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Abstract: Selenium, an essential metalloid, plays a dual role in biological systems: while crucial for maintaining normal biological
processes,, excessive levels can be toxic. Organisms mitigate selenium toxicity through a biochemical process known as methylation,
in which inorganic selenium species are enzymatically converted into less toxic, excretable organic metabolites. This review synthe-
sizes recent biochemical and environmental findings (with an emphasis on the past decade) related to selenium methylation. It out-
lines the enzymatic mechanisms— particularly involving glutathione reductase, SAM-dependent methyltransferases, and selenocys-
teine lyase —through which selenite and selenate are reduced and methylated to intermediates such as hydrogen selenide (HSe),
ultimately yielding MMSe, DMSe, and TMSe*. The role of enzymes such as selenocysteine lyase in processing organic selenium and
factors affecting the efficiency of these processes, including environmental conditions. The role of enzymes such as selenocysteine
lyase in metabolizing organic selenium species is also discussed, along with how environmental conditions (e.g., soil composition,
redox potential) and genetic variability influence methylation efficiency and selenium speciation. In conclusion, this paper explores
selenium methylation in plants, focusing on rice and corn, and how their selenium uptake and metabolism are affected by environ-
mental factors. It examines the conversion of selenium into organic forms like selenomethionine and selenocysteine, and the role of
methylation in managing excess selenium. The findings offer insights into selenium chemistry, with implications for food safety,
nutrition, and environmental management, addressing key knowledge gaps and enhancing our understanding of selenium’s biolog-

ical and chemical roles.

Keywords: Selenium Methylation; Biochemical Mechanisms; Plant Nutrition; Environmental Impact; Toxicity Manage-
ment; Dietary Selenium

1. Introduction

Selenium, a metalloid with both essential and toxicological properties, has garnered significant scientific interest
since its discovery in 1817 [1]. It plays a crucial role in various physiological processes, including antioxidant defence,
immune function, and thyroid hormone metabolism, primarily through its incorporation into selenoproteins such as
glutathione peroxidases and thioredoxin reductases [2-6]. However, selenium toxicity can arise when intake exceeds
the narrow margin between essential and harmful levels, leading to selenosis, which is characterized by symptoms such
as gastrointestinal distress, neurological disorders, and brittle hair and nails [7-9]. One of the primary mechanisms
through which organisms regulate selenium homeostasis and mitigate toxicity is methylation—a biochemical process
that transforms inorganic selenium species (e.g., selenate and selenite) into less harmful organic forms, such as me-
thylselenol, dimethylselenide, and trimethylselenonium [10-13]. This detoxification pathway involves a series of enzy-
matic reactions catalysed by methyltransferases, which facilitate the stepwise addition of methyl groups, thereby in-
creasing selenium's water solubility and excretion efficiency [11-16]. Despite its critical role in selenium metabolism,
the specific enzymatic pathways, regulatory mechanisms, and environmental influences that govern selenium methyl-
ation remain poorly understood. While it is established that methylation modulates selenium bioavailability and tox-
icity, the precise molecular actors, their regulation, and the conditions under which these transformations occur are still
unclear.

Although the general biochemical schemes of selenium methylation have been known for several decades, the last
ten years have brought significant advancements in understanding the finer details of this process. These include the
identification of novel intermediate compounds, improved characterization of enzyme specificities (e.g., selenocysteine
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lyase and SAM-dependent methyltransferases), and the influence of genetic and environmental factors on methylation
efficiency. Additionally, [there has been growing interest in the role of gut microbiota in modulating selenium metabo-
lism, and in plant-based methylation mechanisms, particularly in staple crops like rice and corn.]

This review seeks to synthesize these recent developments, emphasizing progress made in the past decade regard-
ing the enzymatic mechanisms, regulatory networks, and environmental determinants of selenium methylation. Recent
studies have suggested that genetic factors, dietary components, and gut microbiota may significantly influence meth-
ylation efficiency and selenium bioavailability [17-20], but a comprehensive understanding of how these factors interact
remains elusive.

This limited knowledge impedes progress in several key areas. In human health, an incomplete understanding of
selenium methylation hinders the development of targeted nutritional guidelines and therapeutic strategies, especially
in regions with selenium-deficient or selenium-rich environments. In food safety and environmental management, un-
certainty around methylation dynamics limits our ability to predict selenium mobility, bioavailability, and long-term
ecological impact.

Despite the known importance of selenium methylation in detoxifying excess selenium and modulating its biolog-
ical function [21-23]., major knowledge gaps persist in the characterization of intermediate compounds, the identifica-
tion of specific enzymes and cofactors, and the regulation of methylation in diverse environmental and physiological
contexts [24,25]. Furthermore, it identifies persistent gaps in knowledge and emerging research directions, especially in
relation to human health, food safety, and environmental management.

What distinguishes this manuscript from earlier reviews is its focused integration of recent biochemical, agricul-
tural, and ecological insights—offering an updated and multidisciplinary perspective on selenium methylation. This
manuscript aims to address these challenges by an in-depth examination of the primary chemical reactions and path-
ways involved in selenium methylation [22,26]. We will explore the specific reaction intermediates, transition states,
and conditions that facilitate these transformations, offering critical insights into the fundamental processes of selenium
chemistry. Ultimately, advancing our understanding of selenium methylation holds significant promises for improving
food safety, guiding environmental remediation strategies, and promoting human and ecosystem health. By doing so,
it provides a contemporary foundation for advancing both theoretical understanding and practical applications in sele-
nium research.

2. Literature Search Strategy

To comprehensively investigate the chemical and enzymatic mechanisms underlying selenium methylation, this
review adopted a structured literature search strategy. The process was designed to ensure thorough coverage and
high-quality evidence by incorporating well-defined procedures for literature retrieval, screening, inclusion, and qual-
ity assessment. By targeting a broad yet relevant array of sources, the methodology aimed to capture the current state
of knowledge across disciplines such as biochemistry, environmental science, and toxicology, while maintaining a rig-
orous standard for scientific accuracy and relevance [27]. The literature search was conducted across four major scien-
tific databases—PubMed, Scopus, Web of Science, and Google Scholar—chosen for their extensive coverage of peer-
reviewed biomedical, chemical, and environmental science publications. These databases provided access to a wide
array of articles pertinent to selenium chemistry, biochemistry, and environmental interactions.

The search strategy combined both controlled vocabulary and free-text terms related to selenium methylation.
Keywords included: "selenium methylation,” "selenium chemical reactions," "enzymatic pathways," "detoxification
mechanisms," "SAM-dependent methyltransferases,” "selenium speciation,” "hydrogen selenide," "

"non

glutathione reduc-

"o "non non

tase,
such as AND, OR, and NOT were used to refine and optimize the search results.

For instance, combinations like "selenium methylation" AND "enzymatic pathways" and "hydrogen selenide" AND
"glutathione" OR "SAM" helped ensure the inclusion of relevant literature while filtering out unrelated content. A total
of 1500 records were identified through database searches. After removal of duplicates, 900 articles were screened based
on title and abstract. 400 full-text articles were assessed for eligibility, resulting in the inclusion of 176 studies in the

plant selenium metabolism," "selenocysteine lyase," "methylselenol," and "dimethylselenide." Boolean operators

final review.
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Figure 1. This quantitative summary should be presented in a PRISMA-style flow diagram.

The selection process was guided by well-defined inclusion and exclusion criteria. Eligible studies were peer-re-
viewed articles published between 1980 and 2024, focusing on the biochemistry, toxicology, and environmental rele-
vance of selenium methylation. Both experimental and review papers addressing enzymatic mechanisms in plants, an-
imals, or microbial systems were considered. Articles exclusively centered on selenium toxicity, without addressing
underlying biochemical pathways, were excluded. Additionally, non-English publications were omitted unless a relia-
ble English translation or abstract was available. Grey literature, including unpublished theses and conference abstracts
lacking full texts, was also excluded to maintain the quality and credibility of the sources.

After collection, the literature was manually reviewed to assess relevance and scientific rigor. Special attention was
given to studies elucidating selenium methylation mechanisms, identification of intermediates such as hydrogen sele-
nide, monomethylselenide (MMSe), and dimethylselenide (DMSe), and the roles of key enzymes including glutathione
reductase, SAM-dependent methyltransferases, and selenocysteine lyase. Comparative biochemical pathways in
plants —particularly in staple crops like rice and corn—and in animal systems were also analyzed.

Relevant data were extracted and organized thematically to support the development of figures, schematic reaction
pathways, and comparative tables. Visual representations of chemical structures and enzymatic processes were created
or redrawn using ChemDraw and BioRender to enhance clarity and presentation.

To ensure accuracy and consistency, all referenced studies were cross-checked against other literature. Only pri-
mary and secondary sources containing detailed experimental or theoretical insights were included. Preference was
given to recent and highly cited publications, ensuring that the synthesized information reflects the most current un-
derstanding of selenium methylation processes.
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3. Selenium Metabolism and Methylation

This review synthesizes recent scientific advancements from the past decade on the chemical and enzymatic pro-
cesses underlying selenium methylation across biological systems. While foundational aspects of selenium biochemistry
have long been established this review specifically focuses on emerging insights into enzymatic mechanisms—particu-
larly those involving glutathione reductase, SAM-dependent methyltransferases, and selenocysteine lyase —that have
deepened our understanding of selenium detoxification. Recent studies on selenium behavior of selenium in staple
crops like rice and corn are highlighted to illustrate species-specific methylation patterns and metabolic pathways. Fur-
thermore, the review integrates new data on environmental and physiological factors influencing the rate, selectivity,
and efficiency of methylation reactions. By consolidating updated mechanistic findings, metabolic routes, and interspe-
cies comparisons, this work offers a current and comprehensive overview that advances the discourse on selenium
methylation beyond classical biochemical reaction schemes.

3.1. Reaction Mechanisms and Pathways

3.1.1. Primary Chemical Reactions in Selenium Methylation

In the evolving domain of organoselenium chemistry, recent advances have significantly expanded our under-
standing of the mechanistic pathways involved in selenium methylation particularly within the last decade [22, 26].
This section builds upon classical concepts by integrating current findings on the enzymatic and non-enzymatic reac-
tions that drive the methylation of selenium atoms into various various organoselenium species [28,29]. Special atten-
tion is given to newly characterized intermediates, revised mechanistic models, and updated insights into the catalytic
roles of glutathione reductase, SAM-dependent methyltransferases, and selenocysteine lyase [28,30]. These updates
provides a nore critical understanding of Se transition states and reaction conditions than earlier models.

Selenium, Se, which was first recognised in 1817, is a metalloid belonging to the group 16 elements. Its most com-
mon oxidation numbers are -II, 0, +IV, and +VI [31,32]. Selenium occurs naturally in two different forms; organically
for example in the form of selenocysteine, and inorganically for example in the form of selenite or selenate. Even though
selenium is an essential dietary element, it’s toxicity in animals is established at relatively low levels [33-37].

Living organisms, however, have developed mechanisms to detoxify excess selenium primarily through methyla-
tion [26,38,39] a key process in organoselenium chemistry. Understanding the reaction mechanisms and pathways in-
volved in selenium methylation is crucial for elucidating selenium’s chemical behavior and its biological significance.
[1].

This section will focus on the primary chemical reactions underpinning selenium methylation, detailing the mech-
anistic pathways through which selenium atoms are methylated to form various organoselenium species [2-3]. We will
analyze the specific reaction intermediates, transition states, and conditions that facilitate these transformations.
A comprehensive examination of these primary reactions provides critical insights into the fundamental processes gov-
erning selenium chemistry.

3.1.2. Detoxification of inorganic forms of selenium

The detoxification of inorganic selenium compounds, such as selenite (SeOs?-), begins with a non-enzymatic reac-
tion with glutathione (GSH) [40,41], forming selenodiglutathione (GS-Se-SG). This intermediate is then enzymatically
reduced by glutathione reductase (GSH-R) [40,41] in the presence of NADPH, producing glutathione selenopersulfide
(GSSeH). Under further reduction, GSSeH yields hydrogen selenide (HSe), a key reactive intermediate [42,43]. This
sequence represents a six-electron reduction process, converting selenium from a +IV oxidation state in selenite to —II
in selenide [42-48].

Under anaerobic conditions, glutathione selenopersulfide (GSSeH) is further reduced by glutathione reductase,
producing hydrogen selenide (H,Se), a key reactive intermediate [48, 49]. Because methylated forms of selenide are
significantly less toxic compared to inorganic forms, hydrogen selenide (H,Se) undergoes enzymatic methylation as the
next step in the detoxification pathway [50,51]. This reaction is catalyzed by class I SAM-dependent methyltransferases
(MTases), which transfer a methyl group from S-adenosylmethionine (SAM) to H,Se in an SN2 nucleophilic substitution
substitution mechanism [50,52,53].
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The methylation of hydrogen selenide proceeds sequentially: first to monomethylselenide (MMSe), then to form
dimethyl selenide (DMSe), and finally to trimethylselenonium ion (TMSe*)[52,54]. DMSe, being volatile is expelled via
exhalation, while TMSe* is excreted urine, representing a major detoxification route [54-56].

In addition to its detoxification via methylation, selenium homeostasis is further regulated through its incorpora-
tion into selenoproteins. These specialized proteins, which include glutathione peroxidase and thioredoxin reductase,
are integral to the cellular antioxidant defense system [57,58]. They utilize selenium in the form of the amino acid sele-
nocysteine at their active sites, enabling them to catalyze redox reactions that neutralize reactive oxygen species
(ROS)[59]. Through this mechanism, selenoproteins help maintain cellular redox balance and prevent oxidative damage
to biomolecules such as DNA, lipids, and proteins. This incorporation into functional biomolecules represents a critical
biological use of selenium, contributing to both its essentiality and its tightly regulated metabolism in living systems.

Selenium metabolism and detoxification efficiency vary widely among organisms due to a combination of envi-
ronmental, dietary, and genetic factors[60-62]. One of the primary determinants of selenium bioavailability is soil com-
position, which directly influences the selenium content of crops consumed by humans and livestock [63-65]. On the
other hand, agricultural practices—such as fertilizer application, irrigation methods, and crop selection —further mod-
ulate selenium uptake by plants thereby affecting dietary selenium intake across different regions. In addition, genetic
variations among species and individuals can alter the expression and activity of selenium-related enzymes and trans-
porters, influencing how efficiently selenium is absorbed, metabolized, and detoxified. Environmental exposures, in-
cluding pollutants and co-occurring trace elements, also interact with these biological pathways, collectively shaping
selenium homeostasis and its associated health outcomes.

These sequential biochemical transformations, alongside tightly regulated physiological mechanisms such as
methylation, selenoprotein synthesis, cellular uptake, and excretion play a critical role in maintaining selenium home-
ostasis and preventing toxic accumulation in tissues and organs across various biological systems . Understanding these
pathways is essential for developing strategies to manage selenium exposure in both environmental and clinical con-
texts. including the design of targeted nutritional supplementation, environmental remediation in high-selenium re-
gions, and therapeutic interventions for selenium-related disorders such as selenosis or deficiency syndromes.
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Scheme 1. Methylation pathway of inorganic selenite.

3.1.3. Intermediate and excretory metabolites in selenium methylation

Organic forms of selenium undergo metabolic transformation prior to excretion through a defined biochemical
pathway [66-68]. These compounds are initially converted into hydrogen selenide (H.Se), a key reactive intermediate
that undergoes methylation to form excretory metabolites [69,70]. In rat studies, the organic selenium compound sele-
nodicystine, CySeSeCy, was shown to react with glutathione in a substitution-type reaction (Scheme 2), producing
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selenocysteine-glutathione selenyl sulfide (CySeSG) [71]. CySeSG can then be reduced to CySeH via two pathways: (1)
non-enzymatically under anaerobic conditions with excess glutathione, or (2) enzymatically via glutathione reductase
in the presence of NADPH (Scheme 2) [68]. CySeH is subsequently cleaved by selenocysteine [-lyase to yield H,Se
which follows a methylation pathway similar to that of selenite metabolism [68,71].

The metabolism of selenomethionine (SeMet) has also been well characterized. Studies by Hasegawa et al. and
others show that SeMet is directly reduced by y-lyase to monomethylselenol, which then undergoes stepwise methyla-
tion to form dimethylselenide (DMSe) and trimethylselenonium (TMSe*), the primary excretory products (Scheme 2)

[68,69,71].
NH,
Se OH
| (0]
SeMet l gamma-
(0] lyase
Se NH, Gly O excess glutathione
~ .
HO)S/\Se \/SrOH glutathione o OR NH,
> lu _—
> OH
NH o N glutathione HSeA/K(
S\ ggreductase, NADPH o)
CysSeSeCys CysSeSG 5/\/,\”42 CysSeH
O~ "OH ‘
~N ¥ - -
S|e ?e HSe— =— H,Se
TMSe* DMSe MMSe Hydrogen selenide

Scheme 2. Methylation pathway of organic selenocysteine.
3.2. Enzymes in Selenium Methylation

3.2.1. Role of Enzyme glutathione reductase

The first enzymatically catalyzed reaction in the methylation pathway of seleno-compounds utilizes the enzyme
glutathione reductase [72]. This enzyme, which is highly conserved in nature, consists of two Rossmann folding do-
mains, one of which binds NADPH and the other is an interface binding domain [73-76]. Glutathione, which is a cyste-
ine-containing molecule, is readily oxidized. Hence, in the presence of inorganic selenite, or organic forms of selenium,
glutathione is oxidized resulting in the formation of a GS-Se-GS bond [73-77] (refer to schemes 1 and 2). Glutathione
reductase thereafter catalyzes the recycling of oxidized glutathione back to its reduced form by catalyzing the breaking
of the GS-Se bond in GS-Se-SG, in the presence of NADPH. This catalysis is extremely vital as it is key in the formation
of hydrogen selenide.

Glutathione reductase is essential for maintaining cellular redox balance by continuously regenerating reduced
glutathione, a key molecule involved in detoxification and metabolic pathways [78-82]. In addition to its role in selenium
metabolism, this enzyme plays a significant part in shielding cells from oxidative stress by restoring reduced glutathi-
one, which acts as a powerful antioxidant against reactive oxygen species (ROS) [81,83-86]. Glutathione reductase
activity is tightly regulated, as fluctuations can disrupt redox balance and compromise cellular defenses
against oxidative damage [72,82]. Furthermore, this enzyme supports biochemical processes that depend on reduced
thiol groups, thereby contributing to overall cellular stability and function [72].
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3.2.2. Role of SAM-dependent methyltransferases

Methylation of the selenide intermediate is catalyzed by SAM-dependent methyltransferases. This crucial enzyme
contributes to redox regulation, which in turn influences the structural integrity, post-translational modification, and
proper functioning of proteins, as well as the synthesis and stability of nucleic acids DNA/RNA [87,88]. Initially, upon
binding of the substrate, flexible loops of the enzyme undergo reorientation. This is followed by a nucleophilic substi-
tution of SN2 mechanism whereby a nucleophilic attack of the substrate is carried out on SAM, the electrophilic methyl
donor, resulting in the cleavage of the C-S bond, and subsequent formation of a C-Se bond [87-89]. The nucleophilic
attack on SAM takes place due to the strong electrophilic character of its methyl group. Following methyl transfer, S-
adenosyl-homocysteine (SAH) is formed, which is thereafter hydrolyzed to homocysteine by the enzyme SAH hydro-
lases (Scheme 3). Methionine is formed by the enzyme catalyzed methylation of homocysteine, and SAM is regenerated
thereafter by the reaction of methionine with ATP, catalyzed by the enzyme SAM synthetase (Scheme 3).

ATP
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Scheme 3. Recycling of SAM in the methylation of selenide intermediates.

3.2.3. Role of selenocysteine lyase enzyme

Concerning organo-selenium compounds, a third type of enzyme is involved in the mechanistic pathway for meth-
ylation: selenocysteine lyase (SCL). This enzyme was first identified by Soda et al. in 1981 in mammalian tissues, spe-
cifically from rat liver extracts, and was the first proven enzyme to act specifically on selenium-containing substrates
[90-92]. Selenocysteine lyases belong to a class of pyridoxal-5'-phosphate (PLP)-dependent aminotransferases that fea-
ture an evolutionarily conserved domain. In human SCL, for instance, a lysine residue (Lys-251) forms a Schiff base
with PLP, enabling the formation of a homodimer that constitutes the enzyme's active site pocket [91-94].

Each subunit of the human selenocysteine lyase enzyme comprises a small and large domain, with two active site
cavities located at their interface. Upon binding of L-selenocysteine, an extended lobe becomes ordered, positioning the
substrate correctly in the active site [95]. In the mouse SCL, the selenium atom of L-selenocysteine specifically interacts
with Cys375, a conserved cysteine residue in the active site, through a selenoate-thiol interaction. This interaction forms
a Schiff base with PLP, resulting in a protonated aldimine intermediate. It is this unique interaction between the sele-
nium atom and the thiol group of Cys375 that enables the enzyme to distinguish between selenium- and sulfur-contain-
ing substrates [92,96]. We note that while these structural and mechanistic details are consistent across mammalian
species such as humans and mice, variations may occur in non-mammalian organisms, potentially affecting substrate
specificity and enzymatic activity. [92,96]. The enzyme when complexed with cysteine forms a non—productive adduct
and no chemical reaction takes place. L-Selenocysteine is thus deprotonated to form a sulfoselenide intermediate before
being decomposed to r-alanine. Selenium is released and is subsequently non-enzymatically reduced to hydrogen
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selenide. The role of selenocysteine lyases is vital therefore as it ultimately recycles the selenium atom. The selenide
that is generated re-enters the selenocysteine pathway by binding to a phosphate to generate selenophosphate (Figure
2), which is utilized to generate selenocysteine on its cognate tRNA, and then incorporated into newly translated sele-
noproteins (Figure 2) [97,98]

Selenophosphate

S-EdEI'IDE",."”'I"Et"IiDI'IiI'IE( Trimethylselenide,

[ Selenocysteine svnthetase Selenid
FIEnide | -'L Dimethylselenide
ATP %
I I alanine
Phosphoser- -
tRMNA \ Stk
Trans-sulfuration
Selenophosphate pathway
Sec-tRNA
3
Digestion Digestion [ Selenomethionine ]
¥ Digestion
[ Selenoproteins [ Dietary proteins

Figure 2. Role of cystathionine y-lyase enzyme in the recycling of selenium outlining the metabolic conversion of selenium com-
pounds in biological systems, highlighting key intermediates and potential toxic outcomes. Starting from inorganic selenium forms,
such as selenate (SeO42) and selenite (SeO3*), selenium is metabolized through pathways involving the formation of bis(al-
kylthio)selenide and subsequent oxidation products. These intermediates participate in S-adenosylmethionine (SAM)-dependent
methylation reactions, producing methylated selenium species. The figure also illustrates the incorporation of selenium into seleno-
cysteine (SeCys), which, at elevated concentrations, may contribute to SeCys-related toxicity. Both SeCys and excessive selenate ex-
posure are linked to toxic effects, underlining the importance of tightly regulated selenium metabolism in plants and animals.

Factors Influencing Rate and Selectivity

The rate limiting step in the detoxifying-methylation pathway of selenium containing compounds occurs in the
methylation of selenide which leads to the formation of DMSe [71,99-102].

In a set of studies conducted by the research group of Ganther et al [111], it was found that the conversion of
selenite to DMSe is inhibited by the presence of cysteine, presumably due to the reaction between the thiol functionality
of cysteine, and selenite to form bis(alkylthio)selenide. By way of their studies, it was also ascertained that the presence
of S-adenosylmethionine stimulates the conversion to DMSe almost sixfold, compared to when only methionine and
ATP are present as the methyl source, indicating that it is the formation of S-adenosylmethionine from methionine and
ATP which is the specific rate limiting step in the set of steps leading to the formation of DMSe (Scheme 1). In addition,
it was found that the formation of DMSe requires complete exclusion of air, presumably due to the resulting oxidation
by air of the labile products produced as a result of selenium reduction. These findings were also supported by the
research group of Hasegawa et al [67], that investigated the effect of a toxic dose of selenocysteine (SeCys) on the seleno-
methylation pathway (Table 1;). The results concluded that a toxic dose of SeCys causes a decrease in the rate of sele-
nium methylation, and this is due to the inactivation by SeCys of the enzyme methionine adenosyltransferase which is
involved in the synthesis of SAM from methionine and ATP. Similar results were obtained by Hasegawa et al [68],
whereby a toxic dose of CySeSeCy inhibited SAM formation and thus caused a decrease in selenium methylation (Table
1;). In addition, it was reported by Hoffman [112] that an inactivation of the enzyme in the liver of mice occurs due to
high concentrations of selenite. The minimum lethal dose of selenium in the form of selenite and selenate has been
found to be on average 1.2 - 1.5 mg/kg body weight in rats, cats, and rabbits (Table 1) [103,104,113-116]. In mice, the
toxic dose of selenocysteine was found to average 10 mg/kg body weight. To explain the inactivation of methionine
adenosyltransferase, it has been suggested that the active site of the enzyme is sensitive to nucleophilic agents such as
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selenides, and thus is inhibited when toxic doses of selenide are formed from the metabolism of organic and inorganic
forms of selenium [67].

Table 1. Acute toxicity (LDso) of selenium compounds in various organisms.

Selenium Com- Organism/Species Exposure Route LDso (mg Se/kg body Reference
pound weight)
Sodium selenite Rat (Sprague-Daw- Oral 7.0 [103]
(NazSeOs) ley)
Mouse Oral 3.2 [104]
Rabbit Oral 1.0 [104]
Sodium selenate Rat Oral 7.0 [103]
(NastO4)
Mouse Oral 4.0 [104]
Selenium dioxide Rat Oral 48.0 [105]
(SeOz)
Elemental selenium Rat Oral 6,700 [103]
(Se)
Selenocystine Mouse Oral 35.9 [106]
Selenomethionine Rat Oral 37.3 [107]
Dimethyl selenide Mouse Intraperitoneal 1,600 [108]
((CH3)zse)
Trimethylsele- Rat Intraperitoneal 49.4 [109]
nonium chloride
Hydrogen selenide Guinea pig Inhalation 0.02 mg/L (LCso) [110]
(H:Se)
Selenium  sulfide Rat Oral 138.0 [103]
(SeSy)
Selenourea Rat Oral 50.0 [103]
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Figure 3. Pathways of Selenium Methylation and Associated Toxicological Outcomes., illustrating key biochemical pathways and
intermediates involved in selenium (Se) methylation. The figure traces the progression from inorganic selenium compounds such as
selenite and selenate to various organic and methylated selenium species. The transformation begins with the formation of bis(al-
kylthio)selenide, followed by its oxidation to more reactive intermediates. Subsequent steps involve the integration of selenium into

S-adenosylmethionine (SAM)-dependent pathways,.

3.4. Pathways of Selenium Compounds Methylation in Rice and Corn

Animals obtain their share of selenium from their diet. For humans, the main sources of selenium come from ani-
mal foods and edible plants, primarily in the form of organic selenium compounds . Cereals are the most common plant-
based sources of Se in humans worldwide, being consumed on a daily basis as a staple food. Rice and millet are widely
consumed in Asia as a staple food, whereas the staple foods in Africa constitute corn, oats and sorghum, and wheat in
Europe and America [117-120]. Compared to animal foods, however, cereals have relatively lower Se content [117].
Cereals such as corn and rice generally take up inorganic forms of selenium from the soil. The concentration of selenium
in soil is dependent upon various factors such as oxidation/reduction favoring conditions, geographical location, soil
drainage, and soil pH [121,122]. In alkaline and well-oxidized soils, the most prevalent source of selenium found is
selenate, whereas in well-drained soils with pH ranging from acidic to neutral, the predominant form of inorganic
selenium is selenite. Selenite, however, is less bioavailable to plants in soil as compared to selenate due to the greater
adsorption affinity of selenite with iron oxides and hydroxides [121]. Rice is grown in flooded conditions, and the re-
sulting paddy soils favor reducing conditions; as such rice plants mostly take up selenium in the form of selenite.

Group I sulfate transporters (SULTR 1;1 and SULTR 1,2) are most likely involved in the uptake of inorganic sele-
nium in rice and corn plants, whereas inorganic phosphate transporters may be capable of taking up selenite at the root
[123-125] . Selenate is transported into the chloroplasts of the plants where it is metabolized into organic selenium.
Selenate is initially reduced to selenite which is further reduced non-enzymatically to the highly reactive species; hy-
drogen selenide. Selenide subsequently enters the synthetic pathway to seleno-amino acids, with selenocysteine being
the first seleno-organic compound formed in the chloroplasts of the plants [117,122] form. However, higher plants such
as Arabidopsis thaliana and Oryza sativa (rice) lack both selenoproteins and the Sec (selenocysteine) insertion machinery.
This is consistent with evidence that these components were lost during the evolutionary transition from aquatic to
terrestrial environments [126,127]. Instead, selenocysteine in higher plants is not incorporated into proteins but is me-
tabolized into other non-protein selenium compounds. Alternatively, selenocysteine is methylated to selenomethionine
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(SeMet), selenomethylcysteine (MeSeCys) or selenomethylmethionine (MeSeMet) which could be metabolized to form
the volatile dimethylselenide (DMSe) which volatilizes through the stomata of the plants to get rid of excess selenium
(Figure 4) [100,117,122]. Some SeMet and MeSeCys are translocated to the grains of rice and corn where they are avail-
able as a source of organic forms of selenium (Figure 4) [117].

Selenoproteins

Selenocysteine
tRNA synthetase

N — SeMet, Grains of rice
Selenocysteine MeSeCys, and corn
MeSeMet

- Selenocystein
Selenocysteine beta-elimination;
synthase pathway methyltransferase

Selenide

Reduction of selenite
to selenide

Chloroplasts

Selenite / Selenate
uptake via Group | sulfate

transporters )

Figure 4. Overview of uptake, and metabolic fate of inorganic selenium in rice and corn plants.

3.5. Chemical Structures’ Impact on Stability and Reactivity

Elemental selenium is relatively nontoxic, and can either be oxidized to the +IV oxidation state (selenite) or to the
+VI oxidation state (selenate). Alternatively, it can be reduced to the —II oxidation state (selenide) which is the most
common reduced form of selenium [128-130]. Selenium in living organisms when metabolized is always reduced to the
selenide form rather than being oxidized. The selenide form of selenium is the one that is most commonly found in
organo-selenium species containing C-Se bonds. Because the C-Se bond is weaker (234 k]/mol bond strength) as com-
pared to the C-S bond (272 kJ/mol bond strength), organo-selenium species are generally more nucleophilic and, hence,
more reactive as compared to their organo-sulfur counterparts [131]. The inorganic forms of selenium, i.e. selenates and
selenites, are the most mobile and biogeochemical forms of selenium, and are generally more toxic and less bioavailable
to humans as compared to organo-selenium compounds [132,133]. Hydrogen selenide is too reactive to be isolated, and
inorganic selenite is also considered to be too rapidly metabolized to be able to quantify [134].

The main organo-selenium compounds are selenols (R-SeH) of which selenocysteine is the most common, selenides
(R-Se-R), seleninic acids (R-Se-OOH), selenaheterocyclic compounds, and several more [131]. Selenenic acids (RSe-OH)
are highly unstable and will readily and rapidly disproportionate into selenides and seleninic acids which are usually
more stable. As such selenenic acids are difficult to observe spectroscopically [131]. Selenols are quite reactive and act
as strong reducing agents [135]. Selenocysteine, which is a selenol, is unstable at physiological pH and can readily
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decompose or react with other molecules. It also has the ability to reduce hydrogen peroxide [136]. It is the key amino
acid found in the active site of the enzyme glutathione peroxidase that catalyzes the breakdown of hydrogen peroxide
[137]. Selenoamino acids such as selenocysteine are converted into selenides, which are generally stable molecules,
through hydrolysis of the C-Se bond at the [3-position [136]. Methylselenoamino acids on the other hand are first hy-
drolysed to methylselenol through hydrolysis of the C-Se bond at the y-position for selenomethionine, and at the 3-
position for methylselenocysteine (MeSeCys) [136]. MeSeCys is hydrolysed to methylselonol (MeSe- at physiological
pH) by selenocysteine Se-conjugate (3-lyases. Due to its high volatility and reactivity, MeSe- has not been identified or
isolated, rather its formation has been monitored indirectly [134]. On the other hand, selenoglutathione (GSSeSG), as
well as cysteine-glutathione selenotrisulfide, are both stable enough to be isolated as they have been detected and quan-
tified in rat liver cytosol, and pig epithelial cells homogenates. Furthermore, selenomethionine (SeMet) is stable enough
to be administered as a supplemental drug and it has a low toxicity [134]. Seleno-organic compounds have also been
found to exhibit several important biological activities. MeSeCys, SeMet and other SeCys conjugates undergo transam-
ination reactions that result in the production of the seleno-a-keto acids a-keto-y-methylselenobutyrate and f-methylse-
lenopyruvate [134]. This impacts the molecules biological activities in terms of redox activity, and antioxidant as well
as prooxidant properties [138]. Selenocyanates (R-Se-CN) are also known to exhibit important biological properties such
as antioxidant, anticarcinogenic, and antimutagenic properties [134,139].

3.6. Roles of Biomolecules in Selenium Methylation

The methylation of seleno-compounds would not be possible without the incredibly vital biomolecule S-adenosyl-
methionine (SAM). This molecule serves as the principle methyl donor in transmethylation reactions whereby a methyl
group is transferred to an acceptor substrate, which in the case of selenium methylation, is a selenide species. During
the transmethylation process, SAM is converted to S-adenosylhomocysteine (SAH) which acts as a competitive inhibitor
of SAM-dependent methyltransferases enzyme, hence it's removal by SAH hydrolase enzyme [89,140,141]. The enzyme
hydrolyses SAM to adenosine and homocysteine, which is an important step in the methylation pathway to avoid inhi-
bition of methyltransferases [142]. SAM also functions as a precursor to the biomolecule glutathione through its con-
version to cysteine via the trans-sulfaration pathway [73,140]. Glutathione (GSH) is involved in the reduction of selenite
to selenide through the formation of the intermediate selenodiglutathione (GSSeSG) which is subsequently reduced to
hydrogen selenide, before being subjected to methylation conditions.

In cereals such as rice and corn, and in microorganisms, the conversion of selenide to selenoamino acids highly
necessitates the involvement of the biomolecule selenophosphate [66,143-147]. Bacterial tRNA is first enzymatically
ligated with a serine residue to form seryl-tRNA by seryl-tRNA synthetase. Seryl-tRNA then reacts with selenophos-
phate, whereby the seryl residue of seryl-tRNA which is bound to pyridoxal phosphate is converted to a selenocystyl
residue, and is mediated by the enzyme selenocysteine synthetase [66]. The synthesis of selenophosphate takes place
through the combination of ATP with the protein perselenide, which comes from GSSeSG, in the presence of water,
resulting in the production of selenophosphate, AMP, and orthophosphate [66]. The selenocystyl-tRNA is then con-
verted to selenocysteine, which is incorporated into proteins, or methylated to eventually form DMSe (Scheme 1).

3.7. Environmental and Species-Specific Factors

3.7.1. Participation of Different Selenium Species in Methylation

The chemical form, or speciation, of selenium is important as it affects the bioavailability, mobility, toxicity, as well
as the nutritional value of selenium [134,148,149]. Selenium broadly exists as either inorganic species, or as organic
species with direct Se-C bonds, depending on the environment/source. In soil and in natural waters, the predominant
form of selenium present is as the inorganic forms selenate and selenite, as well as elemental selenium, or as the Se(-II)
species in the form of biselenide (HSe-) [150]. Organic selenium species can also be found. For example, in plankton,
selenium can be found in the form of selenoamino acids, and in marine algae high concentrations of selenomethionine
(SeMet) have been found [132]. In plants, fungi, and bacteria, the predominant uptake of inorganic forms of selenium
leads to methylation to form the less toxic methylated seleno-compounds such as the excretory metabolites DMSe and
TMSe+. (Figure 2).
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In foods commonly consumed by humans—particularly grains, legumes, and vegetables—selenium predomi-
nantly occurs in its organic forms. The most frequently encountered organic selenium species include selenomethionine
(SeMet), selenocysteine (SeCys), and methylselenocysteine (MeSeCys) [134,151]. The distribution and concentration of
these compounds vary across different plant species. For instance, plants from the Allium and Brassicaceae (formerly
Cruciferae) families tend to accumulate higher levels of MeSeCys than SeMet, while cereal crops generally contain sig-
nificant quantities of SeMet [134,,152-156]. Animal-derived foods are richer in SeCys. It is important to note that sele-
nium compounds exhibit a dual role in biological systems, especially in the context of cancer. Depending on the dose,
chemical form, and cellular environment, selenium can act as either an antioxidant —enhancing cellular defense against
oxidative stress—or a pro-oxidant—inducing oxidative damage and apoptosis in malignant cells [134,151]. This dichot-
omy underscores the need for caution when interpreting selenium's role in cancer prevention or therapy, particularly
as certain selenium species may have both protective and harmful effects depending on the biochemical context. Thus,
organic forms of selenium are more readily bioavailable to humans and animals as compared to the inorganic forms of
selenium [157-159]. A significant amount of evidence relates to the participation of these methylated organic forms of
selenium towards disease prevention. In particular, studies have found that MeSeCys and methylseleninic acid (MeSeA)
exhibit significant roles in the control of cancerous tumors by inhibiting the progression and metastasis of prostate
cancers and lung carcinoma in mice [134]. Even though humans mostly take up organic forms of selenium, both inor-
ganic as well as organic forms of selenium can be utilized by the body [160]. They are reduced to the key intermediate
hydrogen selenide before being transformed into selenophosphates and selenocystyl-tRNA for incorporation into pro-
teins. Excess selenium is then subjected to the methylation pathway and excreted as volatile DMSe in breath or as TMSe+
in urine.

3.7.1. Environmental Conditions for Selenium Methylation in Rice and Corn

For cereals such as rice and corn, an adequate supply of water is necessary to support growth of the plants and
maintain productive yields. However, in arid and semi-arid regions - —particularly developing countries facing on-
going climate challenges —irregular rainfall and drought conditions impose significant stress on maize. Drought stress
inhibits key metabolic processes. leading to stunted growth and reduced yields. Maize plants respond to such condi-
tions by altering their protein synthesis pattern, producing stress-responsive proteins that enhance tolerance [161-166].
Notably, selenium supplementation has been associated with increase levels of the amino acid proline, which contrib-
utes to drought tolerance by maintaining cell turgor and rigidity and reducing the increased levels of radical oxygen
species brought about, reducing oxidative stress, and supporting cellular integrity.[161,167].

Selenium has also been found to encourage drought stress tolerance in maize by limiting the reduction in plant
biomass due to water shortage, and by limiting the oxidative damage by enhancing the plant’s antioxidant defense
system, thus improving the yield and quality of maize produced under water deficit conditions [161,168,169]. Simi-
larly, selenium application attenuates the effects of water stress on rice plants, enabling rice to grow to its full or almost
complete potential even under conditions of drought [170-172]. Selenium improves the plants CO: assimilation rate,
their transpiration rate, water use efficiency and in general improves their antioxidant-defense mechanism [170]. Dur-
ing these processes selenium is metabolized as described previously, and some is converted into SeCys, and some into
SeMet. Although SeCys plays a key role in selenium metabolism, its presence in cereals is typically negligible, as noted
by Bocchini. et al (161). When excess selenium is present, any SeCys that is formed is rapidly methylated to non-toxic
forms such as methyl-SeCys and Se-methylselenocysteine (SeMeSeCys) [161], which are not incorporated into pro-teins
and can be safely accumulated in plant tissues. These methylated compounds may serve as precursors to volatile excre-
tory metabolites like dimethylselenide (DMSe) and trimethylselenonium ion (TMSe*) (Figure 2). Selenium may also
play a significant role in the uptake of certain contaminants, as occurs for instance with the rice plants. Even though rice
is consumed in most parts of the world, and is one of the most common sources of selenium, it is also inadvertently a
source of mercury, especially when grown in mercury contaminated soils [173-175]. In a study conducted by Zhang et
al [176], it was found that an insoluble Hg-Se covalent complex was formed in the rhizospores / roots of rice plants
treated with selenium, which subsequently affected the translocation of mercury up to the aerial parts of the plant. One
possible explanation of this phenomenon is that by forming an insoluble complex with mercury, either through the
reaction of elemental Hg with elemental Se, or through the reaction of Hg?* with Se?, the selenium in the soil eventually
leads to a decrease in the bioavailability of Hg?* in the soil. A decrease in the bioavailability of Hg* consequently leads
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to a decrease or inhibition of mercury methylation in soil by microorganisms. The result is a decrease in the uptake of

Hg? and MeHg through the roots of the plant [176]. Exeess-seleniunm-is-eventually-methylated-to-the-exeretorymetab-
I  he detoxificati 1 179

4. . Conclusion

This review offers a thorough examination of selenium methylation, elucidating the biochemical processes crucial
for managing selenium toxicity and modulating its biological effects. It outlines the key chemical reactions, enzymatic
pathways, and environmental impacts involved in converting excess selenium into less harmful forms. Key findings
include a detailed analysis of the chemical reactions, such as the reduction of selenium species to hydrogen selenide
and its subsequent methylation to monomethylselenide (MMSe) and dimethylselenide (DMSe). The roles of critical
enzymes, including glutathione reductase and SAM-dependent methyltransferases, are highlighted, along with the
function of selenocysteine lyase in processing organic selenium compounds. The manuscript also explores how plants
like rice and corn manage selenium through methylation, detailing how soil conditions affect selenium uptake and
metabolism. The review identifies current knowledge and gaps in the understanding of molecular mechanisms and
environmental factors influencing selenium methylation efficiency. It also summarizes how agricultural practices may
affect selenium uptake and detoxification, with implications for food safety and plant nutrition. The review also iden-
tifies areas requiring further investigation, such as the molecular mechanisms and environmental factors influencing
methylation efficiency. Consideration is given to agricultural practices that may optimize selenium management in
crops, emphasizing the importance of soil conditions and selenium availability. In summary, this review synthesizes
current findings on selenium methylation and provides a foundation for future research relevant to health, agriculture,
and environmental management.
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