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Abstract Selenoproteins are a distinct class of proteins that
are characterized by the co-translational incorporation of se-
lenium (Se) in the form of the 21st amino acid selenocysteine.
Selenoproteins provide a key defense against oxidative stress,
as many of these proteins participate in oxidation-reduction
reactions neutralizing reactive oxygen species, where
selenocysteine residues act as catalytic sites. Many
selenoproteins are highly expressed in the brain, and mouse
knockout studies have determined that several are required for
normal brain development. In parallel with these laboratory
studies, recent reports of rare human cases with mutations in
genes involved in selenoprotein biosynthesis have described
individuals with an assortment of neurological problems that
mirror those detailed in knockout mice. These deficits include
impairments in cognition and motor function, seizures, hear-
ing loss, and altered thyroid metabolism. Additionally, due to
the fact that oxidative stress is a key feature of neurodegener-
ative disease, there is considerable interest in the therapeutic
potential of selenium supplementation for human neurological
disorders. Studies performed in cell culture and rodent models
have demonstrated that selenium administration attenuates
oxidative stress, prevents neurodegeneration, and counters
cell signaling mechanisms known to be dysregulated in cer-
tain disease states. However, there is currently no definitive
evidence in support of selenium supplementation to prevent
and/or treat common neurological conditions in the general
population. It appears likely that, in humans, supplementation
with selenium may only benefit certain subpopulations, such
as those that are either selenium-deficient or possess genetic
variants that affect selenium metabolism.
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Abbreviations
Aβ Amyloid beta
AD Alzheimer’s disease
Cys Cysteine
DIO Iodothyronine deiodinase
EFSec Selenocysteine-specific elongation factor
ER Endoplasmic reticulum
GPx Glutathione peroxidase
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PD Parkinson’s disease
PV Parvalbumin
SBP2 Selenocysteine insertion sequence-binding

protein 2
Scly Selenocysteine lyase
Se Selenium
Sec Selenocysteine
SECIS Selenocysteine insertion sequence
SELENBP1 Selenium-binding protein 1
SN Substantia nigra
SPS2 Selenophosphate synthetase 2
T3 3,3′,5-Triiodothyronine
T4 Thyroxine
TSH Thyroid stimulating hormone
Txn Thioredoxin
Txnrd Thioredoxin reductase

Introduction

Selenium (Se) is an essential trace element that plays an
important role in maintaining human health. It is obtained
primarily through dietary sources, and Se content differs
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depending upon the type of food consumed and, in the case of
agricultural products, upon the Se bioavailability of the soil in
which the crop was raised. Foods particularly rich in Se include
Brazil nuts, organ meats, seafood, mushrooms, and onions. Se
intake differs greatly across the world, with mean values of
greater than 100 μg per day in the USA, Japan, and Venezuela,
and daily intake of less than 40μg in many European countries,
such as the UK, Germany, Sweden, and the Czech Republic
[1]. The potential importance of Se in biological processes was
first recognized in 1954, when it was reported that trace
amounts were needed to enable optimal activity of formic acid
dehydrogenase in Escherichia coli [2]. Shortly thereafter, the
significance of Se to mammalian life was described in a paper
demonstrating liver necrosis in rats fed a Se-deficient diet [3].
Subsequent studies revealed that the antioxidant activity of
glutathione peroxidase (GPx) is dependent upon Se [4], that
Se is present in protein-bound selenocysteine (Sec) residues [5],
and that Sec is located in the catalytic site of GPx [6]. It is now
well established that the influence of Se on health is largely
mediated by selenoproteins, a class of proteins characterized by
the co-translational incorporation of Se in the form of the 21st
amino acid Sec. Sec is structurally analogous to cysteine (Cys),
with the sole difference being that the sulfur atom present in
Cys is replaced with Se. In comparison to Cys, Sec is more
nucleophilic and has a lower pKa (5.2 vs 8.3), properties which
enhance catalysis of redox reactions [7]. Selenoproteins have
been demonstrated to play essential roles in a variety of func-
tions, including thyroid hormone metabolism, brain develop-
ment, male fertility, immune function, and energy metabolism.
Many of these proteins partake in redox reactions neutralizing
oxidative stress, where Sec residues act as catalytic sites.
Oxidative stress is a key contributing factor to an array of
disorders involving the central nervous system, including
Alzheimer’s disease, epilepsy, Parkinson’s disease, and schizo-
phrenia. This review will focus upon the role of selenoproteins
in nervous system development and function (Table 1).

Selenoproteins are encoded by 25 distinct genes in humans
and includes the GPxs, thioredoxin reductases (Txnrds), and
iodothyronine deiodinases (DIOs) [8]. The GPxs constitute an
important class of antioxidant enzymes that utilize glutathione
as a co-factor to catalyze redox reactions involving the reduc-
tion of hydrogen peroxide and/or phospholipid hydroperox-
ides. In humans, eight GPx genes have been discovered, with
five of them encoding selenoproteins that contain Sec as the
active site residue. The thioredoxin (Txn) system represents
another key defense against oxidative stress. Txnrds are a
family of homodimeric flavoenzymes that mediate reactions
in which oxidized Txn is reduced at the expense of NADPH.
In these proteins, Sec is incorporated as the penultimate C-
terminal residue, where it is essential for enzymatic activity
[9]. There are three distinct genes that code for Txnrds in
mammals (Txnrd1, Txnrd2, and Txnrd3), and constitutive
knockout studies have demonstrated the indispensable

function of Txnrd1 [10] and Txnrd2 [11] in supporting mam-
malian life. Another important class of selenoproteins is the
DIOs, which play fundamental roles in thyroid hormone me-
tabolism. These proteins are encoded by three distinct genes in
mammals (DIO1, DIO2, and DIO3) and mediate the activa-
tion and inactivation of thyroid hormones via reductive
deiodination. Thyroid hormone activation is dependent upon
conversion of the prohormone thyroxine (T4) to the biologi-
cally active form, 3,3′,5-triiodothyronine (T3). This process
occurs via an outer ring monodeiodination reaction that can be
catalyzed by either DIO1 or DIO2. Activated T3 interacts with
thyroid hormone receptors in the nucleus, which, in turn, bind
to specific DNA sequences and modulate gene expression.
Conversely, DIO3 mediates the irreversible inactivation of T3

and T4 by means of inner ring monodeiodination reactions,
yielding the inactive hormones T2 and rT3, respectively.

In addition to the selenoproteins in the aforementioned GPx,
Txnrd, and DIO families, there are numerous other
selenoproteins that have been characterized to varying degrees.
Among these, selenoprotein P (SelP) is particularly distinctive
due to the fact that it contains multiple Sec residues and has been
postulated to act in selenium transport. First reported in 1982,
SelP is a secreted glycoprotein, primarily produced in liver,
which constitutes the majority of selenium found in plasma
[12–14]. SelP can be divided into two functional domains, a
large N-terminal domain containing one Sec residue (U) in a U-
x-x-C redox motif and a smaller selenium-rich C-terminal do-
main that contains multiple Sec residues (up to nine in humans).
This unique protein is believed to be multifunctional, in that the
N-terminal redox motif is thought to contribute to the mainte-
nance of extracellular redox balance [15], whereas the selenium-
rich C-terminal domain has been found to mediate selenium
transport to the brain and testes [16]. Selenium delivery is
largely achieved by intracellular uptake of SelP upon binding
to the apolipoprotein receptor, ApoER2 (also LRP8) [14].
ApoER2-mediated endocytosis of SelP has been shown to
facilitate selenium delivery to the brain [17], testes [18], muscle
[19], placenta [20], and bone [21]. Additionally, a related lipo-
protein receptor, megalin (also LRP2), has been demonstrated to
mediate SelP uptake into the kidney and brain [22, 23].

Multiple selenoproteins (Sep15, SelK, SelM, SelN, SelS,
and SelT) reside in the endoplasmic reticulum (ER) and are
thought to contribute to processes including calcium regula-
tion, protein folding, and attenuation of ER stress [24]. SelS
(also VIMP) is a component of the ER-associated degradation
pathway that transports misfolded proteins from the ER to
cytosol, where they are then tagged with ubiquitin and sent to
the proteasome for degradation [25]. In this pathway, SelS is
thought to mediate the formation of the retrotranslocation
complex by recruiting cytosolic p97 ATPase and promoting
its interaction with Derlin-1 in the ER membrane. Recent
studies have also shown a functional role for SelK in
receptor-mediated Ca2+ flux in immune cells [26] and
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demonstrated that SelK is a target of the calcium-activated
protease, calpain, in resting macrophages [27]. SelN (also
SEPN1) has been found to modulate calcium homeostasis in
the muscle cells via interactions with the ryanodine receptor,
an intracellular calcium release channel [28]. Among ER-
resident selenoproteins, Sep15, SelM, and SelT possess Txn-
like folds containing Sec residues in the active site motif,
suggesting that they function as thiol-disulfide oxidoreduc-
tases. Sep15 and SelM are structurally homologous proteins
that have been proposed to form an evolutionary distinct
selenoprotein family within the Txn superfamily [29]. Sep15
has been identified as a binding partner of ER-chaperone
UDP-glucose: glycoprotein glucosyltransferase and is thought
to promote protein folding [30], while cell culture studies have
demonstrated that SelM has neuroprotective properties and
contributes to intracellular calcium regulation [31]. SelT has
been found to modulate neuroendocrine secretion and, like
SelM, has been implicated in the regulation of calcium ho-
meostasis [32].

Several other selenoproteins (SelH, SelO, SelV, and SelW)
that are not localized to the ER have also been observed to
possess a Txn-like fold containing a C-x-x-U redox motif. Of
these, SelH has been shown to be a redox-responsive DNA-
binding protein that regulates the expression of genes in-
volved in de novo glutathione synthesis and phase II detoxi-
fication [33]. SelW is widely expressed in a variety of tissues
and has been documented to interact with glutathione [34] and
the 14-3-3 proteins [35]. Both SelO and SelV are
uncharacterized, with no published information available on

their functional roles. SelI (also hEPT1) is another
uncharacterized selenoprotein with an amino acid sequence
containing a putative transmembrane region and a structural
motif conserved among phospholipid synthases, suggestive of
a potential role in phospholipid synthesis [36]. SelR (also
MsrB1) is a member of the methionine sulfoxide reductase
(Msr) family of enzymes, which also includes MsrA, MsrB2,
and MsrB3 [37]. Among these proteins, only SelR contains
Sec at the active site, whereas the other members of the Msr
family utilize Cys residues. These enzymes mediate the re-
duction of oxidized methionine residues, as oxidative stress
generates a mixture of S- and R-forms of methionine sulfox-
ide, which, in turn, are reduced by the MsrA and MsrB
enzymes, respectively. Cell culture studies have revealed
that SelR interacts with the magnesium channel TRPM6
and modulates its activity under conditions of oxidative
stress [38]. Selenophosphate synthetase 2 (SPS2) is
unique in that it is the only selenoprotein directly in-
volved in selenoprotein biosynthesis. This protein cata-
lyzes the generation of monoselenophosphate from sel-
enide and ATP [39], which is then utilized for Sec
synthesis as will be discussed next.

Selenoprotein Synthesis

Upon the discovery in the 1960s that each individual amino
acid in a protein is encoded by a corresponding three nucleo-
tide sequence in the messenger RNA (mRNA), amino acids

Table 1 Summary of selenoproteins known to be involved in brain development (DIO2, DIO3, GPx4, SelP, and Txnrd1) and/or highly expressed in the
brain (GPx4, Sep15, SelK, SelM, SelP, and SelW)

Gene Subcellular localization Main sites of expression in brain Dietary Se
responsiveness

KO mouse phenotype

DIO2 ER membrane Cochlea, hypothalamus Moderate Hearing deficits, impaired thermogenesis

DIO3 Plasma membrane Cochlea, cerebellum Moderate Hearing deficits, altered cerebellar morphology
and impaired locomotor function

GPx4 Cytosol, mitochondria,
nucleus

Cerebellum, hippocampus,
hypothalamus

Resistant Embryonic lethal, seizures and ataxia in
CamK-Cre/GPx4fl/fl mice

Sep15 ER lumen Cerebellum, hippocampus Moderate Early onset cataracts, no reported neurological
deficits

SelK ER, plasma membrane Cerebellum, hippocampus
hypothalamus

Moderate Impaired immune responsiveness, no reported
neurological deficits

SelM ER lumen Olfactory bulb, cerebellum,
hypothalamus, cochlea

Moderate Mild obesity with no apparent cognitive or
motor deficits

SelP Secreted Cerebellum, choroid plexus,
olfactory bulb, hippocampus

Responsive Cognitive and motor deficits; Seizures,
ataxia, and neurodegeneration develop when
fed Se-deficient diet

SelW Cytosol Hippocampus, cortex, cerebellum,
olfactory bulb

Responsive No published KO mouse

Txnrd1 Cytosol, nucleus Cerebellum, hippocampus Resistant Embryonic lethal, cerebellar hypoplasia and motor
deficits in Nestin-Cre/Txnrd1fl/fl mice
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were assigned to 61 of the 64 potential codons and the re-
maining three codons (UAA, UAG, and UGA) were thought
to act as stop codons. The notion that UGA functions solely as
a stop codon remained unchallenged until the 1980s, when it
was demonstrated that UGA codes for Sec in the formate
dehydrogenase gene of E. coli [40] and in the mammalian
glutathione peroxidase gene [41, 42]. In 1989, Sec was iden-
tified as the 21st amino acid, upon discovery of a novel
transfer RNA (tRNA) that is coupled to Sec and recognizes
UGA codons [43, 44]. It was also determined that in contrast
to all other amino acids, the biosynthesis of Sec always occurs
on its cognate tRNA, designated tRNA[Ser]Sec (Fig. 1). This
process involves the initial aminoacylation of tRNA[Ser]Sec

with serine by Ser-tRNA synthase, followed by serine phos-
phorylation by phosphoseryl-tRNA kinase to yield
phosphoseryl-tRNA[Ser]Sec. The tRNA-bound phosphoseryl
residue is then converted to Sec by the enzyme selenocysteine
synthase (Sec synthase), a reaction in which selenium, in the
form of monoselenophosphate, is transferred to tRNA[Ser]Sec

to produce Sec-tRNA[Ser]Sec [45]. Also essential to this
process is the selenoprotein SPS2, which generates the
monoselenophosphate necessary for Sec synthesis.
Another contributing factor to selenium metabolism is
the enzyme selenocysteine lyase (Scly), which decom-
poses Sec into L-alanine and selenide, enabling seleni-
um to be recycled for additional Sec biosynthesis [46].

In addition to the tRNA[Ser]Sec, several additional factors are
required for successful incorporation of Sec at UGA codons
rather than termination of protein synthesis. For eukaryotic
selenoproteins, Sec incorporation is directed by a specific stem
loop structural element, termed a selenocysteine insertion se-
quence (SECIS), that is located in the 3′-untranslated region of
selenoprotein mRNAs [47]. The SECIS element forms the
structural backbone for the assembly of several factors into a
RNA-protein complex that directs Sec insertion [48]. Key com-
ponents of this complex in eukaryotic organisms include the
Sec-specific elongation factor (EFSec) and SECIS-binding pro-
tein 2 (SBP2) [49, 50]. EFSec is a GTP-dependent elongation
factor that exclusively interacts with Sec-tRNA[Ser]Sec, whereas
SBP2 is a trans-acting factor that coordinates Sec insertion by
binding to SECIS elements located in selenoprotein mRNAs
and recruiting EFSec. The mechanism of selenoprotein synthe-
sis has been the subject of several excellent review articleswhere
it is examined in much greater detail [51–54].

Selenium Distribution in the Body

Postmortem studies in humans have determined that the brain
contains roughly 2.5 % of total body selenium in comparison
to 25–50 % for skeletal muscle, 7 % for liver, and 4 % for
kidney [55, 56]. When normalized for tissue weight, the

Fig. 1 Overview of selenocysteine biosynthesis and degradation.
tRNA[Ser]Sec is aminoacylated with serine by Ser-tRNA synthase, follow-
ed by serine phosphorylation by phosphoseryl-tRNA kinase to yield
phosphoseryl-tRNA[Ser]Sec. The tRNA-bound phosphoseryl residue is
then converted to Sec by the enzyme selenocysteine synthase (Sec
synthase), a reaction in which Se, in the form of monoselenophosphate,

is transferred to tRNA[Ser]Sec to produce Sec-tRNA[Ser]Sec. During
selenoprotein synthesis, Sec-tRNA[Ser]Sec insertion occurs at UGA co-
dons when directed by SECIS elements within selenoprotein mRNAs.
Upon degradation, selenocysteine lyase decomposes Sec into L-alanine
and selenide (represented as HSe−), enabling Se to be recycled for
additional Sec biosynthesis
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highest Se concentrations are found in the kidney and liver,
whereas Se levels in the brain are significantly lower. A
similar distribution has been documented in rodents, with
highest Se levels being observed in the kidney, liver, and testes
[57, 58]. Animal studies have also demonstrated that Se is
preferentially retained in the brain and reproductive organs
upon administration of a Se-deficient diet [58–61]. The pres-
ervation of Se in the brain under Se-deficient conditions is
largely mediated by SelP and ApoER2. Mice lacking either
SelP or ApoER2 have diminished Se levels in brain and
quickly exhibit severe neurological dysfunction when fed a
Se-deficient diet [17, 62]. Within the brain, Se content is
highest in regions composed of gray matter and lesser in white
matter [63]. Regional analysis of brain tissue from rats fed a
Se-adequate diet found that Se concentrations are highest in
the cerebellum and lowest in brain stem, with intermediate
levels observed in the forebrain, hindbrain, and hippocampal
regions [57]. This study also performed autoradiography on
brain sections from Se-deficient rats administered a 75Se ra-
diotracer. High levels of 75Se uptake were observed in the
brain ventricles, superior olivary complex, inferior colliculus,
dentate gyrus and CA3 regions of the hippocampus, olfactory
bulb, and the cerebral and cerebellar cortices. Consistent with
earlier observations that Se is more concentrated in gray than
white matter, this study found that 75Se levels were lowest in
regions comprised of white matter, such as the optic tract,
cerebral peduncle, and corpus callosum.

Selenoprotein Expression in the Brain

The most comprehensive investigation of selenoprotein ex-
pression in the adult mouse brain to date was performed by
Zhang and colleagues [64]. Using the Allen Brain Atlas, along
with supplemental immunohistochemical staining and mRNA
analysis, they examined the relative expression of the com-
plete adult murine selenoproteome (24 selenoproteins) in 159
brain regions. This study determined that selenoprotein ex-
pression is especially rich in the olfactory bulb, hippocampus,
cerebral cortex, and cerebellar cortex, based upon the number
of distinct selenoprotein mRNAs that were expressed at high
levels. Their analyses also identified the following six
selenoproteins as being highly expressed in the mouse brain:
Sep15, SelM, SelK, SelP, GPx4, and SelW. The latter three
proteins were considered the most abundant, as they were
detectable at a high level in greater than 90 % of the regions
examined. For the sake of brevity, this review will focus upon
discussing expression of these three selenoproteins (SelP,
GPx4, and SelW), supplementing the findings of Zhang and
colleagues with both previous and recent work.

The unique role of SelP as the main supplier of selenium in
the brain is reflected by its distinct expression pattern. Zhang
and colleagues reported that SelP mRNAwas homogenously

expressed throughout the mouse brain, a distribution profile
suggesting that it is primarily produced in glial cells [64]. This
pattern was most distinct within the hippocampus, where SelP
exhibited a uniform, diffuse expression pattern and appeared
to be absent from neuronal layers where other selenoproteins
were highly expressed. Given glial cells’ supportive role in
maintaining neuronal function, it seems logical that SelP
might be synthesized primarily by glia and later secreted for
uptake by surrounding neuronal cells. Additional evidence
that SelP is expressed in a manner complementary to that of
other selenoproteins comes from analyses of the expression
pattern of ApoER2, the primary receptor for SelP in the brain.
ApoER2 mRNAwas enriched in the four regions identified as
having high selenoprotein expression [64], a finding consis-
tent with the notion that ApoER2 facilitates selenium delivery
via uptake of SelP. Another study reported that ApoER2 is
highly expressed on parvalbumin (PV)-interneurons [65], a
class of metabolically active GABAergic inhibitory interneu-
rons that act to synchronize neural activity. PV-interneurons
are particularly vulnerable to oxidative stress [66, 67], and
selenoproteins are required for the normal development and
function of these neurons [68]. Due to their intrinsic metabolic
demands, PV-interneurons require greater redox capacity and
elevated levels of ApoER2 expression may serve to preferen-
tially sequester SelP to these highly active neurons (Fig. 2).
There is also evidence from immunohistochemical studies on
human brain tissue that SelP is expressed in specific subsets of
neurons, including Purkinje cells of the cerebellum and pyra-
midal neurons of the cortex and hippocampus [69, 70]. These
papers also found that SelP is produced in ependymal cells
lining the brain ventricles and by astrocytes. Further studies
are required to better clarify SelP expression in the brain with
respect to developmental time window, condition (baseline vs
stress), brain region, and cell type.

The importance of GPx4 to neurological development and
function has become increasingly apparent since its discovery
in 1982 [71]. Unlike cellular GPx1, which is present in both
neurons and glia, GPx4 seems to be exclusively expressed in
neurons under normal conditions. In pathological states, its
expression becomes upregulated in astrocytes [72], suggesting
that GPx4 may also have a specialized role in glial function
during brain injury. GPx4 exists in three isoforms, which are
named according to their subcellular localization: mitochon-
drial GPx4 (m-GPx4), cytosolic GPx4 (c-GPx4), and nuclear
GPx4 (n-GPx4). GPx4 mRNA is present through all stages of
rat brain development and exhibits dynamic regional distribu-
tion during embryogenesis. In early development, m-GPx4
and c-GPx4 are highly expressed in the forebrain, midbrain,
and hindbrain regions, whereas n-GPx4 is weakly expressed
[72]. The m-GPx4 isoform is critically important for normal
brain development, as selective ablation of m-GPx4 with
siRNA during in vitro embryogenesis induces apoptosis and
impairs hindbrain formation [73]. Following birth, GPx4 is

Selenoproteins in Nervous System Development and Function 235



highly expressed in neurons, with most pronounced levels in
the cortex, hippocampus, and cerebellum. Measurement of
isoform-specific mRNA revealed that both m-GPx4 and c-
GPx4 are the predominant transcripts in the adult brain [72].

SelWwas originally identified due to its absence in muscle
of myopathic lambs with white muscle disease and was later
purified and cloned [74]. It is the smallest mammalian
selenoprotein (~10 kDa) and has been found to be highly
expressed in the brains of rats [75], mice [64, 76, 77], and
primates [78]. Expression of SelW within the brain is largely
dependent upon SelP, as reduced levels of SelW mRNA and
protein have been documented in mice lacking SelP [76, 77].
A recent immunohistochemical study demonstrated that SelW
is highly expressed in neurons of the cortex, hippocampus,
and cerebellum and that within cells, it is localized to both the
soma and processes [77]. In this study, Western blot analysis
of synaptosome fractions revealed that both SelW and GPx4
are present at synapses, as are several proteins involved in
selenoprotein synthesis, including SBP2, SPS2, and EFSec.
These results suggest that selenoproteins are not only present
at synapses but may be synthesized there as well.

Constitutive Knockout Mice Studies

In recent years, studies on genetically modified mice have
provided major insights into the functional roles of various

selenoproteins in the nervous system. Targeted deletion of the
Sec tRNA gene was found to cause embryonic lethality in
mice, demonstrating that selenoprotein synthesis is required to
support mammalian life [79]. Subsequent studies revealed that
genetic disruption of the genes encoding GPx4 [80], Txnrd1
[10], and Txnrd2 [11] all resulted in embryonic lethality,
showing that these selenoproteins perform essential functions.
The first viable selenoprotein knockout mouse targeted the
GPx1 gene. Surprisingly, these mice manifested virtually no
phenotype under standard laboratory conditions, as they were
fertile and showed normal sensitivity to hyperoxia [81].
Subsequent studies revealed that upon challenge with the
oxidative stress-inducing agents, paraquat and hydrogen per-
oxide, GPx1−/− mice were more sensitive than their wild-type
counterparts [82]. Further work showed that GPx1 promotes
neuroprotection in response to oxidative challenge, as the
brains of GPx1−/− mice were reported to be more vulnerable
to mitochondrial toxin treatment [83], ischemia/reperfusion
[84], and cold-induced brain injury [85]. Following the devel-
opment of GPx1−/− mice, constitutive KO mice for several
other selenoproteins were generated that exhibited neurolog-
ical deficits to varying degrees.

In 2003, two independent groups simultaneously published
the first papers describing mice lacking SelP [86, 87]. These
initial publications documented neurological dysfunction in
SelP−/− mice and showed that Se content and GPx activity
were significantly reduced within both the brain and testes.

Fig. 2 Model of SelP-mediated selenium distribution in the brain.Within
the brain, SelP is synthesized and secreted primarily by astrocytes.
ApoER2mediates SelP uptake into neurons, and the Se present is utilized
in selenoprotein synthesis. Selenoproteins support normal cell function
by neutralizing reactive oxygen species (ROS). PV-interneurons represent
a class of metabolically active neurons in which ApoER2 is highly

expressed. These neurons have been reported to be particularly affected
in several mouse models of impaired selenium metabolism in the brain. It
is also important to note that SelP is not the sole source of Se for neuronal
selenoprotein synthesis, as increasing dietary Se intake largely prevents
neurological dysfunction and normalizes brain selenoprotein levels in
SelP−/− mice
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The reported neurological deficits included ataxia, impaired
motor coordination, reduced growth, and spontaneous death.
Further investigation determined that neurological dysfunc-
tion was largely prevented when SelP−/− mice were fed a diet
containing Se levels at or above 0.25 mg/kg [88]. Subsequent
behavioral studies on SelP−/− mice fed a high Se diet
(1 mg/kg) reported mild deficits in motor coordination and
spatial learning, in conjunction with alterations in synaptic
transmission and plasticity within the hippocampus [89].
Histological examination of SelP−/− mice fed a Se-deficient
diet upon weaning revealed extensive neurodegeneration in
brain regions associated with auditory and motor function,
including the lateral lemniscus, inferior colliculus, red nucle-
us, and decussation of the cerebellar peduncle [90]. More
recent studies on SelP−/− mice fed a Se-adequate diet
(0.25 mg/kg) described behavioral impairments in contextual
fear extinction, latent inhibition, and sensorimotor gating
[65]. In addition to these behavioral deficits, PV-interneuron
density was reduced in the inferior collicus, and this
corresponded with a regional increase in oxidative stress.
Altogether, these studies demonstrate that (1) SelP is particu-
larly important for Se distribution and retention within the
brain and (2) much of the neurological dysfunction derived
from SelP deficiency can be circumvented by Se supplemen-
tation, indicating that Se transport can occur by means other
than SelP.

Viable knockout mice for all three deiodinase genes (DIO1,
DIO2, and DIO3) have also been generated and characterized.
DIO1−/− mice were observed to exhibit normal development,
growth, and reproductive capacity [91]. These mice displayed
elevated serum levels of T4, but levels of T3 and thyroid
stimulating hormone (TSH) were normal. Additionally, be-
ginning at 6 weeks of age, body weight was slightly elevated
in DIO1−/− mice relative to age-matched controls. The initial
characterization of DIO2−/− mice also reported normal devel-
opment with no gross phenotypic abnormalities but found
elevated circulating levels of TSH and T4, providing evidence
that DIO2 plays an important role in feedback regulation of
TSH secretion [92]. Moreover, upon cold exposure, these
mice exhibited hypothermia due to impaired brown adipose
tissue thermogenesis, as they survived by compensatory shiv-
ering accompanied by acute weight loss [93]. Later studies
determined that DIO2−/− mice have hearing impairments and
retarded cochlear development, demonstrating a critical func-
tion for DIO2 in the auditory system [94]. Transgenic mice
lacking functional genes for both DIO1 and DIO2 have also
been conceived and analyzed. These mice were observed to be
relatively healthy, reproductively viable, and the phenotype
largely reflected the sum of DIO1−/− and DIO2−/− mice [95].
However, the neurological impairments were greater than
those previously reported for DIO2−/−mice, as double knock-
out mice exhibited altered brain gene expression and impaired
spatial learning in the Morris water maze. The original

publication on DIO3−/− mice reported that DIO3 deficiency
results in central hypothyroidism, retarded growth, and im-
paired fertility [96]. These findings demonstrated that DIO3 is
required for normal development and function of the thyroid
axis. Later studies showed that DIO3 plays an important role
in both the auditory and visual system. DIO3−/− mice were
found to display auditory deficits and accelerated cochlear
differentiation [97], in striking contrast to the cochlear retar-
dation observed in DIO2−/− mice. In addition, survival of
cone photoreceptors was reported to be greatly reduced in
the retina of DIO3−/− mice, whereas rod photoreceptors
remained intact [98]. Furthermore, altered cerebellar morphol-
ogy and impaired locomotor performance on a vertical pole
test were also recently documented in DIO3−/− mice [99]. In
sum, these studies on mice lacking functional deiodinase
genes illustrate the critical influence of thyroid hormone levels
on brain development.

Constitutive knockout mice have also been developed for
the structurally related ER-resident thioredoxin-like
selenoproteins, Sep15 and SelM. Sep15−/− mice were report-
ed to be viable and fertile with normal brain morphology and
no apparent neurological deficits [100]. However, these mice
developed cataracts at an early age, indicating an important
role for Sep15 in glycoprotein folding in the lens. Mice
lacking SelM were found to exhibit mild obesity without
any apparent deficits in cognition or motor function [101].
In wild-type mice, SelM was observed to be highly expressed
in hypothalamic nuclei involved in energy metabolism and
SelM−/− mice displayed reduced leptin sensitivity within the
hypothalamus. These findings allude to a functional role for
SelM in modulating redox balance in brain regions involved
in energy metabolism.

In addition to the papers mentioned above, there have also
been published studies that reported no overt neurological
deficits in constitutive knockout mice for several other
selenoprotein genes. These include reports on mice lacking
functional genes for SelK [26], GPx2 [102], GPx3 [103], SelN
[104], and SelR [105]. We are currently not aware of any
publications on constitutive knockout mice for genes
encoding Txnrd3, SelH, SelI, SelO, SelS, SelT, SelV, SelW,
or SPS2.

Knockout mice have also been generated for several genes
involved in selenium metabolism that do not encode
selenoproteins. These include the SelP receptors, ApoER2
and megalin, and the putative Se-recycling enzyme, Scly.
Knockout mice were produced for the lipoprotein receptors
ApoER2 and megalin (Lrp2) prior to any knowledge of their
involvement in selenium metabolism. In 1999, ApoER2 was
identified as a receptor for reelin [106, 107], and the initial
report on ApoER2−/− mice documented reduced fertility and
malformation of cell layers within the cortex, hippocampus,
and cerebellum of these mice [108]. Subsequent work showed
that ApoER2−/− mice have impaired hippocampal synaptic
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plasticity and cognitive deficits [109]. It was later determined
that brain selenium levels are significantly reduced in
ApoER2−/− mice and that these mice develop neurological
dysfunction and neurodegeneration analogous to SelP−/−mice
when fed a Se-deficient diet [17, 62, 90]. Lrp2−/− mice were
initially reported to exhibit developmental abnormalities in the
lung, kidney, and brain, and to die perinatally from respiratory
insufficiency [110]. Later studies provided evidence that
megalin participates in SelP uptake, as mutant mice
(Lrp2267/267) carrying a missense mutation in the extracellular
domain of megalin were found to have reduced GPx activity
in the brain and kidney [23]. Mice lacking Scly were observed
to exhibit mild obesity with no discernible neurological defi-
cits when raised on a Se-adequate diet (0.25 mg/kg) [111,
112]. However, when challenged with a low Se diet
(0.08 mg/kg), Scly−/− mice displayed cognitive deficits, had
reduced brain GPx activity, and developed metabolic syn-
drome. These results suggest that Scly-mediated Sec recycling
becomes physiologically important only when dietary Se sup-
ply is not adequate. To obtain insight into the relationship
between Scly and SelP in selenium metabolism, double
knockout mice lacking both of the aforementioned genes were
generated and characterized [113]. Scly−/−SelP−/− mice re-
quired selenium supplementation to survive, and surviving
mice exhibited impaired motor coordination, audiogenic sei-
zures, and neurodegeneration in the brainstem regions akin to
those previously reported for ApoER2−/− and SelP−/− mice
fed Se-deficient diets [90]. These results indicate that Scly and
Sepp1 work cooperatively to maintain selenoprotein expres-
sion in the brain.

Conditional Knockout Mice Studies

As mentioned previously, constitutive deletion of several
selenoprotein-related genes (Sec tRNA, GPx4, Txnrd1, and
Txnrd2) results in embryonic lethality in mice, demonstrating
their required function for proper embryonic development. To
further probe the functional role of these genes, conditional
knockout mice have been developed utilizing Cre-Lox tech-
nology where targeted genetic ablation is restricted to specific
cell types. Mice with conditional deletion of Sec tRNAwithin
the liver (Alb-Cre/Trspfl/fl mice) were found to have reduced
levels of selenium and GPx activity in the kidney but not the
brain [114]. Moreover, these mice exhibited no neurological
deficits, suggesting that the neurological dysfunctional appar-
ent in SelP−/−mice stems largely from a lack of SelP synthesis
within the brain and not impaired synthesis in the liver.
Additional studies in which Sec tRNA was conditionally
inactivated in the forebrain (CamK-Cre/Trspfl/flmice) reported
that these mice quickly developed severe neurological dys-
function and frequent seizures and rarely survived past 15 days
[68]. Further analyses revealed dramatically reduced cerebral

selenoprotein levels and impaired development of PV-
interneurons in the hippocampus and cortex. These investiga-
tors generated another strain of mice with conditional inacti-
vation of GPx4 (CamK-Cre/GPx4fl/fl mice) and observed a
similar, albeit slightly milder, phenotype, as these mice quick-
ly developed similar neurological problems. These mice were
also found to exhibit a reduced density of PV-interneurons in
the cerebral cortex on postnatal day 13. The density of
GABAergic calretinin-expressing interneurons was observed
to be normal, indicating that the reduction of PV-interneurons
was subtype-specific. These results demonstrated that GPx4
plays an indispensable role in the normal development of PV-
interneurons. Further work using conditional inactivation
demonstrated that Txnrd1 also plays a major role in
neurodevelopment [115]. For these studies, a Nestin-Cre
transgenic line was used to create mice (Nestin-Cre/Txnrd1fl/
fl) with targeted ablation of Txnrd1 in precursor cells of
neuronal and glial lineages. These mice exhibited reduced
growth, impaired motor coordination, ataxia, tremor, and cer-
ebellar hypoplasia. When conditional inactivation was re-
stricted to neurons (Tα1-Cre/Txnrd1fl/fl), the phenotype was
largely rescued, suggesting an important role for Txnrd1 in
glial and/or neuronal precursor cells. In contrast, mice with
conditional inactivation of Txnrd2 (Nestin-Cre/Txnrd2fl/fl) in
the nervous system did not display any apparent neurological
deficits [115].

Genetic Defects of Selenoprotein Biosynthesis in Humans

There have been several reported cases of human patients with
certain mutations of the SBP2 gene that exhibit a unique
clinical phenotype withmultiple symptoms. As SBP2 encodes
a factor that is required for selenoprotein synthesis, the report-
ed mutations in humans are characterized by a global reduc-
tion in selenoprotein synthesis. In 2005, it was first reported
that SBP2 mutations led to abnormal thyroid hormone metab-
olism, diminished type 2 iodothyronine activity levels, and
reduced serum levels of SelP in four affected children from
two separate families [116]. A subsequent study documented
the case of a 12-year-old Brazilian girl with nonsense muta-
tions in the SBP2 gene that displayed altered thyroid metab-
olism in conjunction with reduced serum levels of Se and SelP
[117]. This patient was also obese with a short stature and
exhibited profound deficits in motor coordination and mental
ability. Additionally, she also showed hearing loss and devel-
oped a progressive myopathy reminiscent of that reported in
human patients with mutations in the SelN gene [118].
Another study provided an in-depth examination of two male
patients with SBP2 mutations and reported a similar pheno-
type, as patients displayed altered thyroid hormone metabo-
lism, SelN-related myopathies, hearing loss, and reduced
plasma levels of Se, SelP, and GPx3 [119]. Interestingly, both
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patients also exhibited the paradoxical metabolic symptoms of
increased fat mass in combination with enhanced insulin
sensitivity. Impaired spermatogenesis was observed in one
male, whereas the other male in the study was prepubertal.

In addition to the reported human cases of SBP2mutations,
the syndrome of progressive cerebello-cerebral atrophy
(PCCA) has been linked to mutations in the Sec synthase
gene. PCCA is an autosomal recessive inherited disorder that
is characterized by profound mental retardation, progressive
microcephaly, and severe spasticity in the form of myoclonic
and generalized tonic-clonic seizures [120]. Two different Sec
synthase mutants were discovered in a cohort of PCCA-
affected individuals, but not all PCCA patients carried Sec
synthase mutations, suggesting that PCCA can be caused by a
number of factors [121]. The observed human Sec synthase
mutations were also unable to synthesize Sec in a bacterial
complementation assay. Due to the fact that constitutive dele-
tion of Sec tRNA is embryonic lethal in mice, it is likely that
the reported individuals with Sec synthase mutations retained
the ability to synthesize some selenoproteins at greatly re-
duced levels. With specific regard to the described PCCA
patients who did not carry Sec synthase mutations, it was
suggested that these individuals may carry mutations in other
genes essential to selenium metabolism, such as tRNA[Ser]Sec,
EFSec, SBP2, SPS2, GPx4, and SelP [122]. The authors of the
aforementioned study also note the striking parallels between
the neurological phenotype of PCCA patients and those re-
ported for a number of transgenic mice strains with impaired
selenium metabolism. These strains include constitutive
knockout mice for Sepp1 and ApoER2 as well as mice with
neuron-specific conditional deletion of Sec tRNAand GPx4.

Selenium, Selenoproteins, and Neurological Disease

Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by an accumulation of amyloid plaques and
neurofibrillary tangles within the temporal lobe of the brain.
Amyloid plaques consist primarily of aggregrates of β-
amyloid (Aβ) proteins [123], whereas neurofibrillary tangles
are composed of hyperphosphorylated tau, a protein whose
normal function involves the stabilization of microtubules
[124]. Oxidative stress is a key contributing factor to AD,
and, thus, there has been keen interest in the potential of Se
supplementation for the prevention and treatment of AD.

Studies performed in cell culture have demonstrated that Se
supplementation upregulates Se-dependent pathways and
counteracts cell signaling mechanisms known to be dysregu-
lated in AD. In particular, Se treatment has been reported to
attenuate γ-secretase activity, reduce Aβ production, increase
GPx activity, and prevent Aβ-induced neuronal death [125,

126]. Additional cell culture studies have also found that
treatment with Se, in the form of sodium selenate
(Na2SeO4), increased the activity of the serine-threonine phos-
phatase PP2A and reduced tau phosphorylation [127, 128].
Furthermore, increased Aβ-toxicity was observed in neuronal
N2A cells when SelP levels were reduced by means of siRNA
[129]. These findings are further supported by experiments
using neurons derived from transgenicmice. Cultured neurons
from GPx1−/− mice were reported to be more susceptible to
Aβ-induced oxidative stress, and addition of ebselen, a Se-
containing mimetic of GPx, reversed this effect [130].
Moreover, primary hippocampal neurons derived from mice
overexpressing GPx4 were observed to be more resistant to
Aβ-induced neurotoxicity [131].

In line with the aforementioned in vitro findings, Se sup-
plementation has been found to attenuate AD-related pathol-
ogy and cognitive deficits in several in vivo rodent models.
Sodium selenate treatment reduced tau hyperphosphorylation,
prevented neurodegeneration, and improved cognition in
transgenic mice expressing several mutant forms of the human
tau gene [127, 128]. In another study of double knockin
transgenic mice expressing human mutations in the amyloid
precursor protein and presenilin-1 genes, mice administered a
Se-enriched diet were found to have increased total brain GPx
activity, lower levels of Aβ plaque disposition, and decreased
levels of RNA and DNA oxidation [132]. Also, gene expres-
sion analysis of transgenic mice expressing the human mutant
presenilin-2 gene revealed significantly reduced expression of
SelM, providing a link between SelM and a mutation associ-
ated with early-onset AD [133]. Follow-up studies on this
observation reported that Se-supplemented rats overexpress-
ing SelM exhibited diminishedβ/γ-secretase activity, reduced
tau phosphorylation, and increased activation of the ERK
signaling pathway relative to Se-supplemented controls [134].

However, in contrast to the evidence presented above
supporting the efficacy of Se administration in AD-related
cell culture and animal models, there is currently no definitive
evidence that Se supplementation is beneficial for the preven-
tion and/or treatment of AD in humans. This topic was recent-
ly the subject of an extensive review article [135] in which the
authors note the lack of consistency in both the methods and
outcomes of the various human clinical trials conducted to
date. Several factors likely contribute to the inconsistent re-
sults observed in humans. Among these are significant differ-
ences between trials such as the administered form of Se
(sodium selenite, sodium selenate, selenomethionine); Se dos-
age, whether Se was given alone or in combination with other
vitamins; the duration of Se supplementation; the inclusion
criteria for subjects at trial onset; and the measured outcomes.
Currently underway in the USA is the Prevention of
Alzheimer’s Disease with Vitamin E and Se (PREADVISE)
trial (http://clinicaltrials.gov/show/NCT00040378). This is a
double blind, placebo controlled study in which
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approximately 10,000 men aged 60 and above are
supplemented daily with vitamin E (400 IU) and Se (200 μg
selenomethionine). The estimated completion date of this
study is August 2014.

Likewise, the results of studies comparing Se levels and/or
selenoprotein expression in postmortem brain tissue of AD
patients to that of control subjects is extremely mixed [135].
For example, various studies have reported GPx activity to be
diminished [136], increased [137, 138], or comparable [139,
140, 141] between AD patients and controls. Of additional
relevance, histological studies on human tissue from AD
patients have found that SelP colocalizes with neurofibrillary
tangles and Aβ plaques [70]. One potential effect of SelP
binding to neurofibrillary tangles and Aβ plaques may be
diminished Se delivery to neurons, as ApoER2-mediated en-
docytosis of SelP would be prevented. This would lead to
diminished selenoprotein levels in neurons and presumably
less protection against oxidative stress.

Epilepsy

Epilepsy is a condition characterized by the recurrence of
seizures in which there is a disruption in normal neuronal
activity in the brain [141]. In the clinical literature, there is
evidence for an association between low Se status and epilep-
sy in children [142–146]. Increased lipid peroxidation and
reduced GPx activity were also reported in erythrocytes of
adult patients with refractory epilepsy, and these parameters
were found to be normalized in another cohort of epilepsy
patients that received Se supplementation [147]. Similarly, in
some cases, Se supplementation has been found to attenuate
pediatric epilepsy [142, 143]. These clinical findings parallel
the observation that Se supplementation prevents the devel-
opment of seizures in SelP−/−mice. Further studies in animals
provide additional evidence for a relationship between Se
status and epilepsy. Experiments in rodents have demonstrat-
ed that Se deficiency increases susceptibility to kainate-
induced seizures [148] and that sodium selenate supplemen-
tation suppresses seizures in several models [149].

Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder associated with the malfunction and/or death of
dopamine-producing neurons in the substantia nigra (SN). A
pathological hallmark of PD is the formation of Lewy bodies,
which consist of aggregates of α-synuclein fibrils, within
dopaminergic neurons of the SN. Oxidative stress is a con-
tributing factor to PD, as dopamine metabolism produces
hydrogen peroxide and superoxide as by-products and also
spontaneously generates highly reactive quinone molecules
[150]. Studies on postmortem tissue showed that GPx4 is
expressed in dopaminergic neurons of the SN in both control

and PD subjects [151]. This study also found that overall
GPx4 levels were significantly reduced in PD patients, but
when normalized with respect to surviving cell density, GPx4
expression was higher per dopaminergic neuron in PD sam-
ples. Subsequent work showed that SelP is concentrated with-
in the center of Lewy bodies in SN neurons and also expressed
in dopaminergic axons and terminals of the putamen [152].
Another study demonstrated that GPx1 is expressed in mi-
croglia surrounding concentric Lewy bodies and postulated
that GPx1 may be involved in the enzymatic degradation of
Lewy bodies [153].

Studies in rodents provide evidence that selenoproteins
play an important neuroprotective role in dopaminergic neu-
rons. GPx1−/− mice exhibit increased vulnerability to the
neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), which is widely used in rodent models to replicate
the loss of dopaminergic neurons that is observed in PD [83].
Correspondingly, another publication reported that overex-
pression of GPx1 in mice attenuated the loss of dopaminergic
neurons in response to administration of the neurotoxin 6-
hydroxydopamine [154]. Several other rodent studies have
also described the neuroprotective effect of Se supplementa-
tion against toxicity generated by administration of metham-
phetamine [155, 156], MPTP [157], and 6-hydroxydopamine
[158]. As a whole, these studies demonstrate that
selenoproteins mitigate dopaminergic neuron loss in multiple
rodent models of acute toxicity thought to be of relevance to
PD.

Schizophrenia

Schizophrenia is a neurodevelopmental disorder characterized
by a heterogeneous mixture of positive, negative, and cogni-
tive symptoms. A substantial body of work, from both human
and animal studies, has established a link between dysfunction
of cortical PV-interneurons and cognitive deficits in schizo-
phrenia [159]. Another line of evidence has demonstrated that
oxidative stress impairs PV-interneuron development and
functionality [66, 67, 160]. Along a similar vein, several
studies in selenoprotein knockout mice have reported deficits
in PV-interneurons [65, 68, 113], presumably due to dimin-
ished antioxidant defense capabilities. Moreover, a microarray
study examining gene expression in postmortem prefrontal
cortex tissue found that SelP levels were significantly lower in
subjects with schizophrenia [161]. A more recent publication
reported that expression of selenium-binding protein 1
(SELENBP1) was significantly upregulated in both blood
cells and postmortem brain tissue from patients with schizo-
phrenia [162]. SELENBP1 does not encode a selenoprotein,
and its functional role is not well established. However, one
study did find that SELENBP1 physically interacts with GPx1
and that the expression levels of SELENBP1 and GPx1 are
inversely related [163]. This finding, in combination with the
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fact that it binds selenium, suggests that SELENBP1 may
reduce levels of free selenium that are available for incorpo-
ration into selenoproteins. Thus, decreased neuronal
selenoprotein synthesis may be a functional outcome of either
SelP downregulation or SELENBP1 upregulation, which, in
turn, may adversely affect PV-interneurons.

Concluding Remarks

Selenoproteins represent a particularly unique class of pro-
teins that perform functions essential to life. Over the course
of the past 20 years, evidence generated from targeted gene
deletions in mice has demonstrated that several selenoproteins
play important roles in normal brain development. Reports of
rare human cases with defects in two genes integrally involved
in selenoprotein biosynthesis, SBP2 and Sec synthase, have
described individuals with an assortment of deficits that par-
allel those detailed in various selenoprotein knockout mice.
Whereas the indispensable role of selenoproteins in brain
development and neuroprotection is well established, there is
limited evidence directly linking Se status or specific
selenoprotein gene variants to common neurological diseases.
For these conditions, Se supplementation may only be bene-
ficial for patients with low Se status and/or compromised
functionality of selenoprotein genes.
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