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Abstract (250 words)

The physiological activities of selenium (Se) occur through enzymes that incorporate selenocysteine
(Sec), a rare but important amino acid. The human genome includes 25 genes coding for Sec that employ
it to catalyze challenging reactions. Selenoenzymes control thyroid hormones, calcium activities, immune
responses, and perform other vital roles, but most are devoted to preventing and reversing oxidative
damage. As the most potent intracellular nucleophile (pKa 5.2), Sec is vulnerable to binding by metallic
and organic soft electrophiles (E*). These electron poor reactants initially form covalent bonds with
nucleophiles such as cysteine (Cys) whose thiol (pKa 8.3) forms adducts which function as suicide
substrates for selenoenzymes. These adducts orient E* to interact with Sec and since Se has a higher
affinity for E* than sulfur, the E* transfers to Sec and irreversibly inhibits the enzyme’s activity. Organic
electrophiles have lower Se-binding affinities than metallic E*, but exposure sources are more abundant.
Individuals with poor Se status are more vulnerable to the toxic effects of high E* exposures. The relative
E*:Se stoichiometries remain undefined, but the aggregate effects of multiple E* exposures are predicted
to be additive and possibly synergistic under certain conditions. The potential for the combined Se-
binding effects of common pharmaceutical, dietary, or environmental E* require study, but even
temporary loss of selenoenzyme activities would accentuate oxidative damage to tissues. As various
degenerative diseases are associated with accumulating DNA damage, defining the effects of
complementary E* exposures on selenoenzyme activities may enhance the ability of preventative

medicine to support healthy aging.
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Introduction

Mutations incurred as a result of oxidative damage, ionizing radiation, mistakes in DNA repair, or
errors during replication lead to somatic mosaicism, an established cause of cancers [1] and a suspected
cause of various other diseases and disorders [2-10]. As these somatic mutations accumulate throughout
life, age is directly correlated with risk of developing most noncommunicable diseases. Development of
chronic degenerative diseases is an important determinant of longevity, and each additional comorbidity
increases mortality risks [11]. Improved understanding of the contributions and consequences of somatic
mutations may provide insights regarding the etiologies, pathologies, and progression of diseases that
may improve prevention and the effectiveness of therapeutic interventions. Treatment is important, but
such interventions are inferior to approaches that would preclude their onset or minimize their effects.
The United States’ annual health expenditures for 2020 [12] amounted to ~$4.1 trillion ($12,530 per
capita). Reducing exposures to causal factors could enhance health system sustainability, but less than 3%
of annual expenditures is currently allocated to prevention. There may be ways to obtain a better return on
our investment.

Each day, many of the trillions of cells in the human body undergo mitosis to support growth and
repair damage. While DNA replication proceeds with high fidelity, stochastic errors still arise that range
from aneuploidy or deletion/addition of chromosome sections to small mutational events such as single
base substitutions, doublet base substitutions, and small insertions or deletions. Errors which are not
inherently lethal or severe enough to result in recognition and elimination by immune cells will survive
and be passed along in the progeny of that cell lineage. While DNA replication errors can arise
spontaneously, exposure to ionizing radiation, genotoxic agents, or initiators of oxidative damage add to
existing errors and magnify risks of developing significant pathology.

Lineages with growing numbers of acquired mutations increase with age as replication errors or
inaccurate repairs of DNA damage accumulate. Severe errors prevent cell survival while those that
produce aberrant proteins are terminated by immune cells. However, mutation errors which are subtle

enough to not attract the attention of immune surveillance will remain in the tissues they reside in even if
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they are unable to properly perform their normal functions. When somatic cells suffer damage to critical
oncogenes, tumor-suppressor genes, and other factors which cause them to lose their response to contact
inhibition and propagate uncontrollably, these mutations produce malignancies. Random DNA copy
errors account for the majority of these mutations [13], and their single-cell genomes indicate they
possess multiple acquired mutations.

Among the many factors which protect against cellular damage, certain selenoproteins appear to
have particularly important roles. As the most powerful intracellular nucleophile [14], the selenoate of
selenocysteine (Sec) directly facilitates the activities of various selenoenzymes that prevent or reverse
oxidative damage, communicate redox states, regulate calcium and thyroid hormone status, guide protein
folding, transport Se between tissue compartments, and synthesize the selenophosphate required for their
own synthesis [14-21]. Cellular respiration spontaneously produces reactive oxygen species (ROS),
reactive nitrate species (RNS), free radicals, and other metabolic byproducts which can damage lipids,
proteins, and nucleic acids. The unparalleled homeostatic control of Se’s tissue kinetics apparently
evolved to ensure that brain, endocrine, and certain other tissues are preferentially supplied to support
uninterrupted selenoenzyme synthesis and activities regardless of current dietary intakes [22-24].
Compared to other essential trace elements, consequences of dietary Se deficiencies develop slowly and
have few overt and no acute symptoms. Correlations between low blood Se and increased morbidity
and/or mortality due to various pathologies [25-38] may indicate low Se intakes contribute to their
development. Low blood Se is associated with diminished anti-viral immunity and sepsis responses as
well as autoimmunity, allergic asthma, and chronic inflammation [39, 40], potentially indicating
diminished immunocompetence contributes to the onset and progression of certain diseases. In some
cases, low Se-status can be linked to functional defects that may contribute to development of these
pathologies. However, since inflammation itself will cause Se to redistribute from blood to other tissues
[41], some relationships between these disorders and blood Se may reflect consequences of the disease
rather than causes. Distinguishing causes from consequences is always important to establish, but these

relationships will need to be fully assessed. Furthermore, exposures to certain agents can limit Se’s
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biological activities and induce deficiencies even though tissue Se levels may remain normal or even
increase. Although this Se-sequestration effect has been demonstrated for high exposures to certain agents
[20, 42, 43], the potential for other agents to similarly contribute to pathological outcomes remains
conjectural.

As the most potent intracellular nucleophile (electron-rich, negatively charged species), Sec is
chemically reactive with electron poor soft electrophiles (E*) and forms stable covalent Se-E* bonds.
Thus, it is notable but not surprising that other than genetic knockouts, high E* exposures are the only
environmental insults capable of substantially diminishing selenoenzyme activities in preferentially
supplied tissues [24, 25, 42-44]. Since intracellular thiols are ~10° more abundant than Se, mass action
effects cause E* to initially bind to the less nucleophilic sulfur of cysteine (Cys) residues. Since many
intracellular thiomolecules are substrates for selenoenzymes, this initial binding expedites the transfer of
E* to the Se of Sec. Bound to the substrate thiol, the E* is delivered into the selenoenzyme’s active site
in the proper orientation to directly engage with the Sec. The coordinated structure of the enzyme [45]
accentuates Se’s reactivity still further, enhancing E* transfer from Cys to form a E*-Sec adduct, thus
irreversibly inhibiting the enzyme. Some E* will accumulate and sequester Se in the afflicted tissues.
However other E* may bind Se in other tissues of the body, but cause problems by preventing Se from
redistributing to where it is needed. Identification of E* of concern will require establishing whether the
selenoenzyme inhibition and sequestration effects of the various forms are additive and evaluating which
exposures may exacerbate risks of adverse effects. Furthermore, it must be established whether
complementarity, cooperativity, or adverse synergies arise from concomitant E* exposures. This will
require measurement of the Se-binding affinities of the various metallic and organic E* and establishing
the range of concentrations which would be predicted to accompany source exposures. Establishing the
extents of these effects will support efforts to protect and improve public health and provide more reliable

environmental risk evaluations.

Selenoenzyme Interactions with Reactive Oxygen and Reactive Nitrogen Species
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Due to their propensity for binding with various minerals and metals, oxygen, sulfur, Se, and other
members of group 16 of the periodic table are known as chalcogens, meaning “ore forming” elements.
Metallic elements with larger atomic radii and more diffuse electron shells tend to have higher binding
affinities for sulfur than oxygen, but their affinities for Se are higher still due to its greater atomic radius
and lower electron density of its outermost shell [46]. The shared physicochemical properties and
similarities among the first three members of the chalcogen family are evident in their biochemistry. As
illustrated in Figure 1, Serine (Ser) is an amino acid with a terminal hydroxyl on its R group while a
terminal thiol produces Cys. The analogous Sec employs the third member of the chalcogen family,
although a concerted series of enzyme activities had to evolve to accomplish its synthesis.

The similarities between sulfur and Se are demonstrated when they are incorporated into
methionine (Met) since plants do not distinguish between these elements during synthesis. The abundance
of Met and SeMet reflect the sulfur and Se contents of the soils or water the plants are grown in. The Se-
form of the molecule is termed selenomethionine (SeMet), and it has no distinct three or single letter
designation (See Figure 1.) The sulfur of Met and the Se of SeMet participate in inter and intramolecular
chalcogen bonds with backbone and side chain oxygens similarly and appear to equivalent in tRNAM'
uptake [47-48], but Se’s higher polarizability enhances the stability of protein structural motifs. When
animals consume these plant proteins, Met and SeMet continue to be [49] undistinguished by tRNAM"
and are incorporated into animal proteins with no apparent differences, their noncovalent interactions in
proteins differ [50, 51]. The biological relevance and physiological importance of Se diverge once these
amino acids are degraded to release sulfur and Se.

Once Se is released from SeMet, inorganic selenide is phosphorylated by selenophosphate
synthetase (SPS2) which is itself a selenoenzyme. In the presence of a specific stem-loop structure known
as the selenocysteine insertion sequence (SECIS) element, an in-frame UGA which would otherwise be
read as the opal “stop” codon will instead direct de novo synthesis of Sec and its simultaneous insertion
into the selenoprotein being formed. Unique among amino acids, Sec is synthesized while on its transfer
RNA (tRNAB5¢) The Ser that is initially bound has its hydroxyl moiety displaced by selenophosphate,
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thus converting it into Sec [21, 52, 53]. Humans possess 25 unique genes encoding for insertion of Sec
whose expression levels vary among cell types, developmental stages, dietary Se, and other factors [54].
While all cells of all forms of vertebrate life express selenoproteins, their sequence and tissue expression
homologies give indications of their importance [21, 51, 54].

Cells require intracellular reducing conditions to be maintained for survival and employ multiple
interactive processes to monitor and regulate transcription factors, kinases, and other enzymes to control
redox status [56, 57]. The forms of ROS and RNS include multiple highly reactive species produced as
metabolic byproducts of essential reactions [58, 59]. While their beneficial roles in signaling and as
weapons of the immune system are essential, above the nominally healthy limits, their concentrations are
directly linked to increasing tissue damage. Loss of redox balance is a key contributor in development of
metabolic and degenerative diseases and disorders [60, 61]. Excessive ROS, RNS, and diminished control
of the oxidative damage they cause will adversely affect physiological processes and is thus considered a
likely initiator of numerous pathologies. When intracellular concentrations of these agents rise above
normal, increasing molecular damage can exceed accommodation by repair mechanisms and endanger
cell survival. Major ROS forms include the hydroxyl radical ("OH), superoxide (O>"), hypochlorous acid
(HCI10), and hydrogen peroxide (H20-). The best known RNS forms are nitrogen dioxide NO,", nitric
oxide (NO"), and peroxynitrite (ONOO~) — a powerful oxidant [62]. These can cause molecular damage,
but also perform regulatory roles in mammalian cells [63]. The modification of Cys by S-nitrosylation
[64-66] involves NO* covalently binding to form S-nitrosothiol (SNO). Along with tyrosine nitration, S-
nitrosylation is a fundamental mechanism for cell signaling aspects of NO bioactivity [62]. Tyrosine
nitration is a posttranslational protein modification mediated by ONOO™ and *NO,, formed as secondary
products of NO metabolism in the presence of oxidants including superoxide radicals (O>"), H,O», and

transition metal centers. Malfunctions in ferroptosis are linked to diseases with notable ROS production
including cancer, neurodegenerative disorders, infections, and inflammatory diseases [67-68]. Disruptions

of the balance of these pathways could easily have multiple adverse outcomes.
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While normal levels of H20> and lipid peroxides (R-OOH) participate in signaling pathways, high
levels can cause oxidative stress and damage. Peroxides are highly reactive species that must be
detoxified quickly, and several enzyme systems cooperate in preventing, counteracting, and controlling
their damaging effects. Selenium-dependent glutathione peroxidase (GPx) enzymes have vital roles in
regulating intracellular redox state as well as preventing and/or reversing oxidative damage. Equation 1
depicts the generalized glutathione (GSH)-dependent reduction of lipid peroxides (R-OOH) or H20: to an

alcohol and water and the role of glutathione reductase (GRx) in restoring GSH to its functional form.

R_OOH + 2GSH —CFPX

R-OH + H,0 + GS-SG
|

Equation 1.

'
GS-SG + H* + NADPH —GRX

2GSH + NADPH

Glutathione peroxidase 1 (GPx1) is a ubiquitous cytosolic selenoenzyme with concentrations that vary in
direct relation to dietary Se intakes. No independent consequences arise in GPx1 knockout mice, although
pathologies related to oxidative stress appear to be exacerbated in its absence. In contrast, Glutathione
peroxidase 4 (GPx4) knockouts are embryonically lethal at an early stage, and structural
compartmentalization becomes disrupted. It is localized to cytosol, mitochondria, and nucleus where it
reduces membrane phospholipid hydroperoxides but exhibits broad substrate specificity and acts as a
near-universal antioxidant. It is expressed in all tissues and is the most highly expressed selenoenzyme in
the brain.

Although thioredoxin reductase (TRx) enzymes are named for their ability to reduce oxidized
thioredoxin [Trx—(S-S)] to its active form [Trx—(SH).], this was just the first of the many substrates they
are now known to reduce (See Figure 2). The canonical reaction for which the TRx enzyme is named is
shown in Equation 2. Thioredoxin is itself an important antioxidant enzyme, and the reaction between
TRx and oxidized substrate disulfides (S-S) restores it to its active thiol form in cytosolic, mitochondrial,

and nuclear compartments of the cell.
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R-S-S + Trx—(SH),

R-(SH), + Trx—( S|—S)

Equation 2.

Trx—(S-S) + H* + NADPH —LRX

Trx—(SH), + NADP*

Deletion of any of the TRx forms is embryonically lethal, indicating the essentiality of maintaining the
reduced state of the broad range of cognate substrates they act upon. Thioredoxin reductase 1 (TRx1), the
cytosolic form, is a ubiquitously expressed oxidoreductase flavoprotein with a Sec residue as the
penultimate amino acid of its C-terminus. Localized in cytoplasm and translocated into the nucleus during
oxidative stress [69-71], TRx1 reduces oxidized forms of a wide range of endogenous substrates
including: Trx—(SH),, dehydroascorbate (vitamin C), lipoic acid/lipoamide, H>O», lipid hydroperoxides,
vitamin K, ubiquinone, S-nitrosoglutathione, selenodiglutathione, selenite, methylseleninate, protein
disulfide isomerase, glutaredoxin, glutathione peroxidase, NK-lysin/granulysin, selenocystine, and
oxidized molecular species of exogenous origin including: HIV Tat protein, ninhydrin, juglone, alloxan,
and DTNB as well as dietary polyphenols and additional molecular species [45]. The broad substrate
specificity of the TRx enzymes is not exclusively due to the Se of Sec, but also reflects the catalytic
power of the enzyme’s reaction center [72]. The mitochondrial form, Thioredoxin reductase 2 (TRx2), is
a ubiquitous oxidoreductase, and the third form, Thioredoxin glutathione reductase (TGR) reduces
diglutathione (GS-SG) and has functions that link Trx—(SH), and GSH pathways [73].

The TRx family members cooperatively interact with vitamin E and vitamin C metabolism in
protecting against peroxidation and free radical damage. After vitamin E terminates a free radical chain
reaction in lipids, it interacts with vitamin C (ascorbate) to be restored to its active form. This oxidizes
ascorbate to the dehydroascorbic acid that TRx restores back to ascorbate (See Figure 2). Since many
substrates of TRx are important cellular antioxidants themselves, this family of selenoenzymes plays a
pivotal role in preserving proper intracellular reducing environments. However, if TRx is synthesized
without enough Se to form Sec, the enzyme activity is lost, but more importantly, the molecule acts as a
potent apoptosis initiator known as GRIM-12 [74]. Since cells that have too little Se to survive will

sacrifice themselves, their Se is redistributed and may enable neighboring cells to persist. This mechanism
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appears to represent an evolutionary strategy which enables organisms to survive extended shortfalls in
dietary Se availability.

Reversible oxidative modification of Met and SeMet residues has important roles in cell functions
Methionine and SeMet [48] act as an antioxidant in several proteins that form reversible diastereomeric
methionine sulfoxides (Met-S-SO or Met-R-SO) which are specifically reduced by methionine sulfoxide
reductase MsrA or MsrB respectively in a thioredoxin dependent mechanism. Methionine R-sulfoxide
reductase (MsrB1) is a selenoenzyme which employs Trx—(SH): as the reductant to reverse the oxidation
of R-methionine in what is thought to be a signaling mechanism stimulated by oxidative stress. Since the
majority of CH3Hg in the body is bound to Cys [75] and forms a molecular mimic of Met [76, 77], it
appears that access and transfer of this and perhaps other forms of E* to Sec may include interaction with
and inhibition of MsrB1 activities. Loss of this selenoenzyme is accompanied by increased cellular ROS
levels as observed in MsrB1 knockouts and diminishments in their activities are implicated in diseases
such as diabetes and neurodegeneration as well as cellular damage associated with aging [78]. Recent
studies predict that oxidation of Met may have metabolic functions similar to protein phosphorylation in
cell signaling and MsrB1 appears to counteract aging and development of neurological disorders. Several
additional selenoenzymes appear to participate in preventing, controlling, or reversing oxidative damage,
but have not had their biochemical functions fully characterized but are abundant in brain. A growing
number of selenoenzymes are localized in the ER where they appear to participate in homeostasis, protein
folding, quality control, calcium homeostasis, and stress response signaling [79, 80]. Loss or
diminishment in these selenoenzymes would increase production of aberrant cellular proteins which could
elicit recognition by immune cells and initiate an inflammatory response independent of somatic DNA

damage.

Metallic and Organic Electrophile Interactions with Selenoenzymes
Electrophiles, also known as Lewis acids, are electron poor and will therefore accept electrons donated by

a nucleophile (Lewis base) to form a covalent bond. The outcomes and products of this fundamental
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biochemical reaction depend on not just charge, but also the polarizability of the electron shells of the
initial participants and will be determined by changes in local electron density and external potential. The
Pearson acid-base concept uses hard-soft acid-base (HSAB) terminology to qualitatively distinguish
among the relative interactivities of electron shells of various elements [81]. While theoretical reactivity
assessments performed with advanced models of density functional theory investigate such interactions
with semiquantitative capabilities, HSAB principles provide a qualitative understanding of the properties
and reactions of transition metals and organic E* with thiols and selenoates which are sufficient for the

present discussion. In this context, “hard” describes electrophiles (e.g., H*, Li*, Na*) or nucleophiles (e.g.,

F~, CI") with more concentrated charges and repulsion by electron shells that are less polarizable. Thus,

hard electrophiles and hard nucleophiles tend to form ionic bonds with one another while “soft”
electrophiles (E*) have larger electron shells whose less concentrated charge distributions can be
polarized to permit electron sharing and form covalent bonds. Oxygen and ROS are a subset of the
reactive electrophiles that selenoenzymes encounter [82]. While metallic E* have much higher binding
affinities than a, B-unsaturated carbonyls or other electronegative structures of organic E* (See examples
in Figures 2 and 3) a more complete list of these forms is provided in the review by Saccoccia, et al., [83].
However, it is not the exposures to any individual form that cause the greatest concern. Instead, it is the
potential for multiple chronic E* exposures to cooperate in sequestration of tissue Se and diminish
selenoenzyme activities through their combined effects.

Since tissue Se concentration are ~1 pM, the aggregate E* exposures that would be required to
impair selenoenzyme activities are relatively low. Forms of E* with high Se binding affinities only need
to approach equimolar stoichiometries with Se to potentially endanger selenoenzyme activities,
particularly when replenishment of Se from dietary sources is limited [42, 84]. The potential for
exposures to multiple forms of metallic and organic E* from dietary, environmental, and pharmaceutical

sources to cooperatively sequester Se and impair selenoenzyme activities is a health risk worthy of
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evaluation [85-90]. The consequences would be predicted to differ depending on the affected tissues,

although certain parallels among their pathologies can be expected.

Metallic Electrophiles

Metallic electrophiles are electron-poor and readily accept an electron pair to form covalent
bonds with oxides, sulfides, or selenides. In this context, “heavy” metals are thiophilic (and selenophilic)
elements with broadly dispersed charge densities such as palladium (Pd), silver (Ag), cadmium (Cd),
platinum (Pt), gold (Au), mercury (Hg), or thallium (Th). These have Se-sequestration potentials that
would be worrisome as their combined molar concentrations in tissues approach 1 uM (See Table 1). The
main sources of exposure to these elements are from industrial sources, pharmaceuticals, or dental alloys,
and are expected to be generally low for most populations but will require monitoring since source
contributions are rising. For example, typical exposures to the platinum group elements (Pt, Pd, etc.) are
not at levels that cause concern [87] but their presence in the environment is steadily increasing due to
their use in vehicle catalytic converters. Elements such as molybdenum, manganese, iron, cobalt, nickel,
copper, zinc, lead, and bismuth have lower Se-binding affinities so higher exposures would be required to
impair Se availability. However, sources of exposure to these forms are more abundant and ought to be
critically assessed. It is also important to note that individual elements will often have distinct tissue
toxicokinetics. Although their biochemical mechanism of toxicity would all involve selenoenzyme
inhibition, the pathological consequences and observed effects could differ between the affected tissues.
Certain pharmaceutical agents were specifically designed to exploit their Se-binding capabilities. The
effects of Au- and Ag-containing compounds accomplish their therapeutic functions primarily through
their irreversible and relatively specific inhibition of thioredoxin reductase (TRx). Other medicinal agents
that incorporate accessible metallic E* in their molecular structures appear likely to have similar effects
on TRx and/or other selenoenzymes [88-90] but require evaluation on a case-by-case basis.

While all E* will interact with nucleophiles, the interactions between Se and Hg are the best

characterized with hundreds of reports since the 1960’s [91-95] and increasing attention to details of their
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interactions in subsequent years [96-100]. Mercury’s binding constant for sulfide is very high (10*), but
its affinity for selenide (Ka = 10*°) is a million-fold higher [101]. Meanwhile, methylmercury (CH;Hg")
has a high binding affinity (10'") with the thiol of Cys but an even higher affinity for Sec [20]. Due to
mass action effects of the ~10° higher intracellular abundance of Cys than Sec, >95% of intracellular
CH3Hg" occurs as CH3Hg-Cys [75]. Because thiomolecules such as GS-SG and Trx-(SH), are
selenoenzyme substrates (see Equations 1 and 2), adducts such as GS-E*-SG, GS—-E*, Trx-(S,-E*) are
suicide substrates that deliver E* into selenoenzyme active sites. Because of the higher affinity of Hg for
Se, it transfers to form CH3Hg-Sec, irreversibly inhibiting the selenoenzyme [20, 43]. Since the inhibitor
truly is irreversibly bound the active site Se and the insoluble HgSe exhibits long term retention in brains
[85] and other tissues [102] of highly exposed individuals, it is anticipated that this will soon become the
textbook example used to illustrate the mechanism and outcome of irreversible inhibitors.

Because CH3Hg-Cys resembles Met at the molecular level (see Figure 1), the large neutral amino
acid transporter (LAT1) transfers it across membranes [76, 77] and into maternal, placental, fetal, and
brain tissues. Once internalized, it is shed from the body in Met-rich materials such as hair, nails, skin,
and in sloughed off cells. It degrades slowly and thus accumulates in organisms in quantities that reflect
their relative age and trophic level. The CH3Hg-Cys in fish is absorbed by the consumer and exhibits long
term retention in their tissues as a Met mimic although it remains unknown whether pseudomethionine

(Figure 1) substitutes for Met in cellular proteins or is simply retained as a molecular bystander.

Table 1. Representative Metallic E*

Form Examples of Exposure Sources

Pt Dental alloys and pharmaceuticals used as chemotherapeutic agents

Hg Artisanal mining activities, spills from broken barometers, thermostats
Hg? Present in unapproved skin whitening creams and related cosmetics
CH3HgCH3; Landfill emissions (very low levels), laboratory reagent spills

CH3;Hg—Cys Fish, seafoods, large amounts in apex predator whale/shark meats

Cd Smoking, contaminated water, or foods grown near pollution point sources
Au Dental alloys and pharmaceuticals used to treat inflammation
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Ag Dental alloys and pharmaceuticals used to treat inflammation
Pb Paint, contaminated water, dust, and air; gasolines used in some areas
As Contaminated water, food crops, livestock, cosmetics

Elemental mercury (Hg’) is uncharged, and its vapor is readily absorbed by the lungs and easily
crosses membranes as it is transported throughout the body. It is innocuous in this form since it cannot
bind Se. However, it becomes a potent Se-binder once it is oxidized to Hg* by catalase [103]. Inorganic
Hg formed in this way can initially bind with thiols to form Cys-Hg" which can deliver the Hg to Sec and
irreversibly inhibit selenoenzyme activities. Because Hg* and Hg** are poorly absorbed and Cys bound
forms do not resemble Met at the molecular level, they are not readily transferred across membranes. This
limits their neurotoxicity, but their accumulation in other tissues can still sequester Se and reduce its
availability for redistribution to brain and other tissues. The toxicokinetics of the various forms of Hg

provide useful examples of E* forms in tissue compartments and the specificities of their effects.

Organic Electrophiles

The reactivity of an organic E* depends on the presence of electron withdrawing groups creating a region
with low electron densities that enable nucleophiles to approach and donate their electrons. The organic
E* vary widely in structure (See Table 2 and Figures 2 and 3) and include carcinogens, classes with
recognized neurotoxicity, and other forms known to be associated with neurodegenerative diseases. As
with all toxicants, dose is the determining factor, but the defining threshold for adverse effects will in all
likelihood depend on the Se-status of the exposed individuals.

Alkenes conjugated to a carboxylic acid are o, f-unsaturated carbonyls —a common motif among
organic molecules, and include methyl vinyl ketones, acrolein, acrylamide, methyl acrylate, maleic acid,
fumaric acid, E-crotonaldehyde, testosterone, cinnamaldehyde, cyclohexanone, and paraquinone among
many others. Xenobiotic E* include organic products formed during cooking of food, common

pharmaceuticals, environmental pollutants, partially combusted constituents in smoke from tobacco,
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wood, or diesel exhaust, and many other contaminants present in food or water. Since there are also many
endogenously generated “natural” forms, organic E* exposures are pervasive. Several organic E* arise
from more than one source, and various endogenously generated forms (e.g., acrolein, 4-hydroxy-2-
nonenal), environmental toxicants (e.g., y-diketones, quinones, unsaturated aldehydes), industrial
pollutants (acrolein, acrylonitrile, methyl vinyl ketone), drug metabolites (e.g., acrolein metabolite of
cyclophosphamide, NAPQI), and common components present in cooked foods (e.g., acrylamide) are
well known for the damage they can cause [104-116] at high concentrations. The unsaturated carbonyls of
organic E* will initially form covalent bonds with nucleophilic Cys thiols, and for the reasons stated
above, they are expected to bind even better with Sec. However, the necessary studies have not been done

to quantitatively compare their relative binding affinities, so this conjecture remains unproven.

Table 2. Representative Organic E*

Form Examples of exposure sources

Pseudomethionine  (aka CH3Hg-Cys) Most abundant Hg form in fish and human tissues

Acrylamide Foods cooked at high temperature, smoking, partially combusted materials
Acrolein Ubiquitous in cooked foods, smoking partially combusted materials
NAPQI Byproduct of xenobiotic metabolism of acetaminophen

Aflatoxin Toxin produced by common forms of mold growing on food
Hydroxyhexenal Product of lipid peroxidation (exogenous and endogenous)

Neuroketal Lipoxidation product that forms adducts with cellular proteins
Neuroprostane Prostaglandin-like product of fatty acid peroxidation

2-Acetylpyrroline Maillard reaction product formed during baking
Dopamine Quinone Reactive metabolite formed from oxidation of dopamine
Methamphetamine  Central nervous system stimulant used as recreational drug

While far more varied in sources, forms, and exposures than the metallic E*, the Se-binding
affinities of organic E* are expected to be several log orders lower and these products will be more
reversible [82]. For this reason, on a mole for mole basis, the risks of selenoenzyme impairment from

exposures to any individual a, B-unsaturated carbonyls or other organic E* seem low. However, the wide

range of forms and sources may result in exposures to molar quantities that are higher than is typical with
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metallic E*. It is entirely possible that binding interactions with Se are a common but transitory feature of
organic E* physiology which introduce no clinically significant results. This is, in fact, the expectation for
organic E* exposures of the majority of individuals through most of the developed world. Provided
sufficient Se remains available to support Sec synthesis, few if any consequences would be expected in
association with low to moderate E* exposures. However, among subsistence populations living in Se-
poor regions of the developing world, there may be too little Se available to overcome losses that would
be insignificant for most people. Even in the developed world Se-poor diets may be consumed secondary
to chronic alcohol abuse or other causes. It is anticipated that most organic E* will have very low Se-
affinities and therefore only high exposures might result in substantial Se-sequestration. Although the
population subgroups at risk will be small, examining the Se-binding affinities and anticipated range of
human exposures to these numerous and varied forms would at minimum provide prudent reassurance,
but could reveal risks that are unexpectedly general in scope and more serious than currently anticipated.

There is also a concern regarding recognition that not all reactions between Se and organic
molecules seem to require the electron withdrawing structures just discussed. Some far from obvious
organic E* react to form highly stable Se-adducts. The selenosugar which is the dominant Se-excretion
product in urine [117] is one example. The aldehydes of monosaccharides and amino groups of cellular
proteins form a wide range of advanced glycation end products (AGEs) including N-acetyl-D-
galactosamine (GalNAc) which is resolved by selenoenzymes and result in formation of 13-methylseleno-
N-acetyl-D-galactosamine, a major Se metabolite formed from GSH combining with Se to form GS—SeH.
This will either release the selenide for Sec synthesis or proceed to react with a N-acetyl-a-D-
galactosamine (GalNAc). The GalNAc is a carbohydrate necessary for intercellular communication that is
concentrated in sensory nerve structures, and it is a common component of antigens and gangliosides. The
stability of Se in association with this molecule is remarkable but suggest there are dimensions of Se-
reactivity which require much more examination.

The cumulative exposures of an individual’s lifetime are known as the exposome [118]. This

includes all natural and synthetic forms which are acquired from the environment, food, pharmaceuticals,
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water, air, or through the skin, as well as the metabolites created from these precursors. While the effects
of high exposures to a single toxicant can often be easily recognized, quantifying the combined effects of
multiple E* that cooperate to impact the same pathway is more challenging. Since the Se-status of the
exposed individual is directly associated with resistance to E* toxicity and the latency of their onset, the
same dose of E* that has serious consequences in Se-poor populations will have longer delays and less
serious or no effects on individuals that receive more Se from their diets. Specific differences in E* tissue
compartment distributions could introduce unique effects, but the same “SOS mechanisms” that
characterize Hg toxicity [20, 43] are expected to be characteristic of other E*. Each form would be
present in various amounts, but their molar concentrations [E*] must be assessed in stoichiometric
relation to the concentrations of Se in tissues [Se] to evaluate binding constants (k) for adducts [E*Se] of

each form:

= [E*, Se] Equation 3.
' [se][Ex]

The sum of the binding contributions of the individual E* forms in the exposome must be assessed to
create a summed value representing their comprehensive Se binding equivalent [E*z]. While it is
impossible to quantify the concentrations and binding affinities of all E* forms present in an exposome, a
preliminary assessment of exposures to the most potent and most abundant forms can provide an
approximated E*;x for assessment. Concurrent co-exposures to toxicants that promote oxidative damage
would be expected to synergistically increase the severity of the adverse effects, although developing
equations to take such effects into consideration will require further study.

Since these combined effects must be evaluated in relation to Se status, a relative health value
(HVs.) can be defined using an equation based on the Health Benefit Value (HBV) criterion currently
used to differentiate benefits vs. risks associated with maternal consumption of specific types of fish or

seafoods [119]. The HBV index clearly differentiates fish and/or seafoods with positive values indicating
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consumption benefits that improve the Se-status of consumers in contrast to sources with negative values
that indicate consumption risks. This index reliably predicts the effects observed among consumers of
meats of apex predators such as toothed whales or great white sharks. Epidemiological studies which have
observed harm from seafood Hg exposures have uniformly involved mothers that had eaten seafoods with
negative HBVs, i.e., seafoods that contained more Hg than Se. Meanwhile maternal consumption of
ocean fish improved their child’s IQ by 7.7 points [120]. Based on the same biochemical insights as the

HBYV, the HV. indicates the amount of Se available in tissues of the exposed individual is calculated:

v, = (B LE ) - ((se)+ e ) quation’,

[Se]

Out of an abundance of caution, the current iterations of the HVs. and HBV equations intentionally omit
consideration of the amount of E* bound to thiomolecules and other binding partners. This provides a
highly conservative estimate of Se health status, but once the effects of additional E* forms have been

empirically established, these equations will require updating.

Electrophile Interactions with Selenoenzymes as Contributors to Somatic Mutations

Since selenoenzymes have pivotal roles in preventing and/or reversing oxidative damage due to ROS,
RNS, and free radicals, E* exposures high enough to diminish their synthesis and activities would
accentuate the accumulation of cellular damage. Cancer, cardiovascular, neurodegenerative, and age
associated diseases are characterized by increased ROS and RNS [121, 122]. Following the finding that
intractable seizures in children with a low GPx could be alleviated by supplemental Se [123], further
studies have found correlations between low Se status and seizures, Parkinson's disease (PD), Alzheimer's
disease (AD), dementia, cognitive decline [124-126] and neurodevelopmental disorders [127]. In patients
with epilepsy and PD, brain Se levels were 40% lower than normal [128] and decreases in plasma Se was

associated with reduced GPx activities [126, 129]. However, the redistribution of Se from blood to
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inflamed tissues is an incompletely understood aspect of the acute phase response of inflammation [130,
131], making it difficult to differentiate cause and consequence in these cases.

Although inherited genotype variants are clear-cut causes of certain catastrophic medical
conditions, the majority of non-communicable diseases responsible for mortalities in the developed world
are not associated with clinically significant heritable risk factors [132]. Just as specialization
differentiates cellular subtypes during tissue development, somatic mutations that arise in progenitor cells
will be propagated throughout their ensuing lineage. While mutations were initially assumed to only arise
in association with pathological outcomes, it is now known that individual phenotypically normal human
brain cells contain hundreds to a few thousand single-nucleotide variants [133-138]. Similar DNA
mosaics seem likely to arise in other tissues, especially among those with rapid turnover. Lineages of
somatic variants which are more common within a tissue could indicate they arose earlier [133, 139]
while those with comparatively low copy numbers may represent more recent developments [133, 139,
140]. These “mosaic patchworks” of genetically related lineages may perturb tissue functions [132, 141,
142] and contribute to localized immune recognition, inflammation, and tissue damage well before
development of overt disease. Detection of DNA variants in non-cancerous pathologies had to overcome
recognition and sampling challenges since lineages can be present in a relatively small number of cells
interspersed in pathological tissues [143]. Genomic variants may be inherited through the germline or
spontaneously arise in phenotypically normal tissues [133, 140, 144, 145] as well as among pathological
cells [132].

Mutations in somatic cells produce cancer but the genes involved in control of cell replication are
not singularly at risk of damage. As most sources of DNA damage are stochastic, errors in reading and
non-reading portions of chromosomes have been recognized in genomes of cells from pathological tissues
compared to cells collected from adjacent healthy tissues in cardiovascular disease [146, 147] and a
growing number of other diseases. Recent evidence indicates somatic mutations are prevalent in normal
tissues of non-symptomatic individuals and clonal expansion of these forms accompany and may

contribute to the development of degenerative diseases common among elderly individuals. However,
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evidence of somatic mutations in pathological cardiovascular tissues was recognized 50 years ago [148]
when cells of atherosclerotic plaques were found to be monoclonal variants. Studies in mice have
demonstrated that cell clones expand in vascular lesions [146-147] and if atherosclerosis and other
vascular lesions accumulate somatic mutations following exposure to injurious stimuli, competent
mutants may preferentially expand within the lesion and progress to form monoclonal plaque mosaics.
Elimination of the offending mutant cells by immune recognition and response may mitigate some
effects, but loss of tissue structure and functions can still have lasting adverse effects even if damaged cell
lineages are eliminated. Since genome comparisons of diseased vs. adjacent healthy cells in those tissues
reveal the accumulated errors, it appears mutant somatic cells are competent enough to escape detection
by immunosurveillance. However, this may indicate inadequacies of the immune response (which can
also be an outcome associated with low dietary Se intakes) and indicate that loss of proper immune cell
recognition is a contributing factor in development of these diseases.

Increased oxidative stress has been implicated in Parkinson’s disease, Alzheimer’s disease,
stroke, and epilepsy, as well as other neurological disorders [149]. While the links between these diseases
and Se-status are indirect and lack a clear causal connection, the pivotal importance of selenoenzymes in
preventing and reversing oxidative damage suggest their disruption may contribute to these pathologies.
Inflammation plays a pivotal role in atherosclerotic plaque formation [150] and its pathophysiology arises
in response to injury [151]. Lipid peroxidation by free radicals (e.g., superoxide anion, hydrogen
peroxide, and lipid peroxide) and exposures to transition metals that catalyze formation of highly reactive
free radicals in Fenton-type reactions [152] are also implicated in aging, neurodegenerative disorders, and
neurodegenerative diseases, particularly in relation to mitochondrial dysfunctions.

The Se concentrations of most tissues in the body range around 1 pM and E* exposures that
result in tissue levels that approach or exceed stoichiometric equivalence with Se will increasing impair
selenoenzyme activities [20, 42, 43, 153]. It is crucial to recognize that the effects of E* exposures will
not necessarily be proportional to E* dose or tissue concentrations but are instead proportional to E*:Se

molar relationships in diet and tissues. If tissue Se reserves and dietary intakes are able to offset the losses
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due to Se—sequestration by E*, adverse effects would be alleviated or averted. While tissue kinetics and
compartmental localization of different E* will differ and sequestration of Se will seldom involve binding
affinities that are as high as metallic forms, attritional losses of bioavailable Se from the body’s tissue
reserves diminish the ability of the body’s homeostatic mechanisms to redeploy Se to where it is needed.
Several low-Se-affinity E* sequestering fractions of the body’s Se would be just as hazardous as a single
high-Se-affinity E* sequestering the same amount. However, when exposures to several E* forms are
involved, their contributions become harder to evaluate, especially since many arise from common but
variable sources.

The toxicokinetics and toxicodynamics of the various E* will differ at organ, tissue, cellular,
subcellular, and molecular levels. For example, exposures to As, Cd, or Hg have greater effects on the
activities of mitochondrial TRx2 than cytosolic TRx1 [154]. Although TRx activity can become impaired
by processes unrelated to Se-sequestration and selenoenzyme inhibition, interactions between Se and E*
such as Cd, Au, and other E* will form covalent adducts which are similar in character and affinity to
those between Se and Hg. Once a E* becomes bound to the thiol of GSH, Trx—(SH),, or other substrate
molecule or cofactor which directly interacts with the Sec of a selenoenzyme, the E*—thiomolecule adduct
will function as a suicide substrate to accomplish the transfer. If tissue concentrations of high Se-affinity
E* occur in stoichiometric excess of Se, losses due to attrition would eventually exceed the ability of
dietary Se intakes to offset them and oxidative damage would begin to occur. The latency between E*
exposures and onset of oxidative damage is proportional to the dietary Se status of the exposed individual
and inversely related to the E* dose received and retained.

The toxicokinetics and toxicodynamics of E* assessments will require development of more
thorough analytical assessments and application of advanced computational methods. Although the
physiologically based pharmacokinetic (PBPK) models seemed appropriate to apply in risk assessments
when E* toxicity was assumed to involve pseudo-first order reactions, a better model is now required.
Since toxic outcomes involve the combined effects of multiple forms of E* acting cooperatively and

perhaps synergistically, the dynamic equilibrium between these substrates and the Se cycling that
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prevents the onset of toxicity is highly dependent on the rates of Sec—synthesis in target tissues. Since
those rates depend on the level of Se reserves in the somatic tissues and concurrent dietary Se intakes of
the exposed subject, standard PBPK models are insufficient. To obtain reliably accurate assessments of
E*-related risks will require a physiologically oriented interactions of nutrients and toxicants (POINT)

model. Versions of POINT models have been demonstrated [20, 155], but further refinement is required.

Discussion
Nosology is the descriptive classification of diseases with the intention of assisting in identification of
causal mechanisms, pathological effects, recognized symptoms, and other factors that enable a diagnostic
label to be applied. Diseases are often inadequately defined and challenging to clearly classify, especially
when their pathogenesis remain incompletely characterized. For this reason, diagnostic terms often
describe symptoms or groups of symptoms associated with a disease or syndrome. While a disease
usually has a distinct cause or set of contributing causal factors as well as distinguishing symptoms and
treatments, a syndrome is a group of symptoms that are associated with a recognized disorder, but often
without an identified cause, recognized pathology, or accepted prognosis. The current work is intended to
assist in defining potential contributing causes and possible shared mechanisms of multiple pathologies.
The assumption of genetic stability in somatic tissues other than in cancerous tissues has had a
pervasive influence on biomedical thinking. It is critical to examine the complex relationships between
factors which contribute to DNA damage leading to pathological phenotypes as well as ways to prevent
those outcomes. Whether cooperative Se-binding and selenoenzyme inhibition due to E* exposures
actually contribute to the somatic DNA mutations associated with various pathologies is an intriguing but
speculative conjecture until more evidence can be gathered. Although E*-dependent inhibition of
selenoenzyme activities has been confirmed for high Se-affinity forms, other forms under consideration
will require research to establish if their Se-binding affinities are high enough to conceivably impair Se

availability and activities in a realistic range of exposure concentrations.
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The factors that determine the relative Se-affinities of the various E* will be reflected in their
affinities for thiomolecules, especially thioredoxin, glutathione, and other selenoenzyme substrates. Since
intracellular concentrations of thiomolecules are ~10° higher, mass action effects drive initial binding to
these forms. However, since Se has E* binding affinities which are orders of magnitude higher than those
of equivalent thiomolecules, thermodynamic considerations cannot be ignored, particularly since Sec
reactivity is potentiated by the enzyme mechanisms. Metallic E* have far higher Se-binding affinities
than organic E*, but if the molar abundance of organic E* is sufficiently high, they may still sequester
meaningful fractions of intracellular Se. If this outcome is confirmed, this will require development of far
better-informed risk evaluations.

Significant investment in the development of pharmaceuticals can be lost when adverse
consequences result in products being withdrawn from the market [156]. Since idiosyncratic toxicity of
pharmaceutical E* forms may arise due to low Se-status or unrecognized concurrent E* coexposures
[157], prior identification and remedy of these contraindications may improve clinical outcomes and
ensure effective therapeutics can be applied with less risk of adverse reactions. If idiosyncratic
consequences due to these effects are recognized, pharmaceuticals which had been withdrawn due to rare
and otherwise inexplicable adverse drug reactions might safely be restored to beneficial use.

The amount of Se in diets depends on the Se in crops and livestock which reflect its availability
from local soils. While certain regions have poor dietary Se availability due to low abundance in parent
rock materials or because low pH or other conditions limit availability of the Se from the soil, low Se
intakes can also arise as a result of poor dietary choices. Low Se availability in tissues will enhance the
risks posed by exposures to E* from foods, environmental sources, or pharmaceuticals and risk
evaluations that fail to consider Se-status and dietary intakes cannot provide any meaningful
interpretations. Sufficiently high aggregate exposures to E* from foods, metabolites, pharmaceuticals, or
environmental insults can impair selenoenzyme activities and reduce their ability to prevent and reverse
oxidative damage due to accentuated production of ROS, RNS, and inflammation. However, the

pathological consequences of the cooperative effects of multiple E* exposures would be insidious. Not
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only would the latency of subtle effects on selenoenzymes be difficult to recognize, but the onset of
secondary effects would also be gradual and challenging to differentiate in association with chronic
degenerative conditions. Even acutely high exposures to E* with high Se-selectivity is known to
demonstrate significant latency due to the slow attrition of tissues Se reserves. The slow but potentially
unremitting loss of biologically available Se would cause irreversible inhibition of selenoenzymes and
compromise the availability of Se for participation in subsequent cycles of Sec synthesis, but incremental
losses would not be attended by dramatic increases in pathology.

Due to the paucity of research in this area, the current discussion of these aspects are
hypothetical, but predictable and consistent with clinical observations. Still, it must be emphasized that it
is entirely possible that the binding affinities of organic E* are too low to be meaningful and their Se-
adducts are too transient for any clinically significant effects to occur. Furthermore, it is likely that
exposures to organic E* in amounts sufficient to impair the bioavailability of substantial fractions of
tissue Se-reserves will rarely pose risks to populations with normal dietary Se intakes.

Immunotherapy may eventually apply applications based on current work with tumor-infiltrating
lymphocytes (TIL) or chimeric antigen receptor (CAR) T-cell approaches [157] to recognize and remove
specific somatic mutation lineages that are associated with the pathology being treated. There will be
challenges in establishing safe and effective CAR T-cell and TIL therapies, but there are rapid
developments in these applications for cancer treatment which may translate well in management of
aberrant cell lineages responsible for other pathologies. Various immunotherapies such as immune
checkpoint inhibitors, T-cell transfer therapy, monoclonal antibodies, vaccines, and immune system
modulators are successfully treating cancers [159,160] and such approaches may prove useful for
treatment of other pathologies. In addition to accumulating DNA damage, errors in RNA transcription
have been observed to be orders of magnitude higher than DNA mutation rates in yeast [161] and
increasing age is similarly expected to accentuate such errors.

The World Health Organization’s explanation of aging is; “At the biological level, ageing results

from the impact of the accumulation of a wide variety of molecular and cellular damage over time. This
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leads to a gradual decrease in physical and mental capacity, a growing risk of disease and ultimately
death. These changes are neither linear nor consistent, and they are only loosely associated with a
person’s age in years.” [162]. Ascertaining the dose-dependent consequences of low levels of individual
toxicants has always been challenging but identifying the discrete contributions of multiple low-level
toxicants which act on distinct pathways has been considered impossible. If their biochemical
mechanisms of toxicity are found to act on the same pathways, assessing the dose-dependent effects of
individual E* on selenoenzyme activities individually and in cooperation with other E* will still be a
daunting task, but not intractable. Since oxidative damage contributes to DNA mutations which may
initiate and/or enhance progression of multiple disease pathologies, defining the potential benefits of
reducing E* exposure sources and ensuring proper Se status may enhance outcomes of preventive

medicine and improve healthy aging.

Conclusions

Based on the above, several aspects must be considered: 1) The Se-binding affinities of the
majority of E* remain poorly defined but establishing qualitative and quantitative estimations of these
relationships should be relatively straightforward. 2) The complementary effects of multiple E* exposures
are assumed to be additive, but since co-exposures to initiators of ferroptosis and other redox active and
free radical generating species are common, the risks of synergistic effects should also be considered. 3)
Immunotherapy treatment approaches developed for cancer may be applied to recognize and remove
specific somatic mutation lineages associated with other pathologies. Establishing safe and effective
therapies will be challenging, but the rapid development of these applications for cancer treatment may
translate to management of aberrant cell lineages involved in other pathologies. 4) While personalized
medicine has long been a goal of biomedical research, the etiologies and pathologies responsible for
degenerative diseases and disorders are likely to involve multiple disparate mutational lineages in a single
lesion. These distinctions pose therapeutic challenges which will be difficult to overcome and it may be

more efficacious to promote preventative medicine approaches until immunotherapeutic interventions
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become reliable. 5) Evidence supporting or disproving testable hypotheses based on the projections
proposed in this article will have clear implications for nutrition research, toxicological risk assessments,
health policies, and environmental regulations.

The intellectual underpinning for personalized medicine is based on recognition of the genetic
uniqueness of the individual patients. Now that it is evident that not only the individual, but also the cell
lineages of diseased tissues are genetically unique, more refined genomic information is required to
define the ongoing pathologies before applying treatment interventions. Identifying ways to diminish the
onset of somatic mutations responsible for these conditions would enhance preventive interventions and
enhance healthy aging. Establishing whether the conjectured aggregate effects of multiple E* exposures
actually impair selenoenzyme-dependent protection against DNA damage will be a challenging, but

potentially fruitful avenue of exploration.
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Figure 1. Structures of chalcogen amino acid analogues.
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Figure 3. Structures of representative endogenous soft electrophiles
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Figure 4 Structures of representative exogenous/xenobiotic soft electrophiles
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