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Background: Emerging evidence supports the view that selenoproteins are essential for maintaining bone health.
Scope of review: The current state of knowledge concerning selenoproteins and Se status in bone physiology and
pathology is summarized.
Major conclusions:Antioxidant selenoproteins including glutathione peroxidase (GPx) and thioredoxin reductase
(TrxR), as a whole, play a pivotal role inmaintaining bone homeostasis and protecting against bone loss. GPx1, a
major antioxidant enzyme in osteoclasts, is up-regulated by estrogen, an endogenous inhibitor of osteoclastogen-
esis. TrxR1 is an immediate early gene in response to 1α,25-dihydroxyvitamin D3, an osteoblastic differentiation
agent. The combination of 1α,25-dihydroxyvitaminD3 and Se generates a synergistic elevation of TrxR activity in
Se-deficient osteoblasts. Of particular concern, pleiotropic TrxR1 is implicated in promoting NFκB activation.
Coincidentally, TrxR inhibitors such as curcumin and gold compounds exhibit potent osteoclastogenesis inhibi-
tory activity. Studies in patients with the mutations of selenocysteine insertion sequence-binding protein 2, a

key trans-acting factor for the co-translational insertion of selenocysteine into selenoproteins have clearly
established a causal link of selenoproteins in bone development. Se transport to bone relies on selenoprotein
P. Plasma selenoprotein P concentrations have been found to be positively correlated with bone mineral density
in elderly women.
General significance: A full understanding of the role and function of selenoproteins and Se status on bone phys-
iology and pathology may lead to effectively prevent against or modify bone diseases by using Se.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The physiological functions of the essential micronutrient selenium
(Se) are mediated principally through a class of selenocysteine (Sec)-
containing proteins referred to as selenoproteins. The 25 selenoproteins
found in humans are glutathione peroxidases (GPx1, 2, 3, 4, 6),
thioredoxin reductases (TrxR1, 2, 3), iodothyronine deiodinases (Dio1,
2, 3), selenophosphate synthetase 2, 15 kDa selenoprotein, and
selenoprotein H, I, K, M, N, O, P, R, S, T, V, and W [1–4], of which many
act as a redox gatekeeper and play an important role inmaintaining cel-
lular antioxidant homeostasis [1–4].

The core part of the selenoprotein biosynthesis machinery is the co-
translational incorporation of Sec, the 21st amino acid, into the growing
polypeptide. Two distinct features are included in this multi-stage pro-
cess (Fig. 1A): 1) UGA generally acts as the termination codon in protein
translation; unusually, Sec insertion is dictated by an in-frame UGApro-
vided that it is followed by a Sec insertion sequence (SECIS) element; 2)
upon the binding of SECIS-binding protein 2 (SBP2) to the SECIS ele-
ment, Sec-tRNA[Ser]Sec is recruited to provide Sec; uniquely, Sec
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synthesis from Se metabolites is confined on Sec-tRNA[Ser]Sec because
Sec is a highly reactive amino acid with an exceptionally low pKa
value of 5.2, so that there is no free pool of Sec [3,5,6]. Although these
demanding steps are inefficient and energy-intensive, the evolutionary
pressure for the preservation of selenoproteins and their conservation
among species are attributed to the fact that Secwithin enzymes has ex-
traordinarily high nucleophilicity and confers resistance to oxidant-
induced inactivation compared with cysteine (Cys), thus allowing
selenoenzymes to turn over diverse substrates much better and to
have 10- to 100-fold higher activities than Sec-to-Cys nonselenoprotein
mutants [7–12].

Among the various selenoproteins found in humans, the biological
functions of the GPx and TrxR families have been well elucidated. GPx
reduces hydrogen peroxide or other hydroperoxides to water or alco-
hols using glutathione (GSH) as a reductant. GPx knockout mice are
sensitive to hydroperoxide challenges, which suggests that this class
of selenoenzymes functions as antioxidants [13–16]. Thioredoxin
(Trx) participates in a broad range of cellular functions, including the re-
duction of peroxides, activation of redox-sensitive transcription factors
via reduction of their conserved Cys residues that are required for
DNA-binding, and apoptosis inhibition through binding apoptosis
signal-regulating kinase 1 [17]. The functions of Trx rely on its reduced
form, whereas TrxR is a specific enzyme responsible for catalyzing the
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Fig. 1. Biosynthesis of selenoproteins and synergistic effect of 1α,25(OH)2D3 and Se on TrxR1 activity in osteoblasts. (A) Co-translational incorporation of Sec into selenoprotein occurs at
the UGA codon. SBP2 recognizes the SECIS element equipped in all mRNAs encoding selenoprotein. Upon the combination of EFSec (elongation factor of Sec) with SBP2, Sec-loaded tRNA
[Ser]Sec is recruited to ribosome. (B) Se supplementation increases GPx and TrxR activities, consequently reducing intracellular ROS levels and DNA damage and counteracting hydrogen
peroxide-suppressed osteoblastic differentiation. (C) Co-treatment of 1α,25(OH)2D3 and Se synergistically elevates TrxR1 protein and activity in Se-deficient hFOB through concerted
regulation of transcription and translation.
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reduction of the active site disulfide of Trx using nicotinamide-adenine
dinucleotide phosphate (NADPH). Therefore, TrxR is implicated in regu-
lating numerous biological functions [18–22].

Inadequate Se intake that compromises selenoprotein biosynthesis
has long been known to be detrimental to health, including bone well-
being [23–26]. On the other hand, a growing body of evidence shows
that Se at supranutritional levels, which exceed the requirement
for selenoprotein biosynthesis, is able to modify some pathological
alterations via various mechanisms, such as suppressing NFκB activation
and inflammatory reactions [27–34], activating p53 and DNA repair
[35–38], inducing chemoprotective enzymes [39–41], and inhibiting
proliferation or promoting apoptosis [42–44]. The potential pharmacolog-
ical effects of Se at supranutritional levels are principally mediated by
low-molecular weight Se metabolites including selenodiglutathione and
methylselenol, which have a highly reactive nature since the Se moiety
in these selenocompounds has strong nucleophilicity [45–48].

Healthy skeletal remodeling ismaintained by an elegant equilibrium
between the activities of mesenchymal stem cell-derived osteoblasts
and hematopoesis-derived osteoclasts on the bone surface. Osteoblasts
that deposit extracellular organic matrix in an orderly fashion are re-
sponsible for new bone formation, whereasmultinucleated giant osteo-
clasts facilitate old bone degradation through secreting acid and lytic
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enzymes [49]. The molecular triad of receptor activator of NFκB ligand
(RANKL) expressed by osteoblast lineage cells, osteoprotegerin (OPG)
produced by osteoblastic/stromal cells, and receptor activator of NFκB
(RANK) on osteoclasts functions as a pivotal signal link for osteoblast
and osteoclast coupling [50–53]. RANKL stimulates osteoclastic differ-
entiation by binding RANK. OPG, acting as a decoy receptor for RANKL,
blocks RANKL/RANK interactions and inhibits the terminal stages
of osteoclastic differentiation. Once the coupling is significantly dis-
turbed without timely repair, various types of bone diseases, such as
osteopetrosis, osteoarthritis, osteoporosis, or osteolysis, tend to occur
[53]. Oxidative stress with an increased level of reactive oxygen species
(ROS) being present in the bone system is deleterious to normal bone
physiology because excessive amounts of ROS suppress osteoblastic dif-
ferentiation and promote osteoclastic differentiation along with NFκB
activation independently [54,55]. Moreover, excessive amounts of ROS
orchestrate a crosstalk between cells of the osteoblastic and osteoclastic
lineages in favor of osteoclastogenesis; namely, ROS stimulates RANKL
expression in osteoblasts [56] and acts as a crucial intracellular signal
mediator for RANKL-stimulated osteoclastic differentiation [57,58].
Approaches that scavenge ROS in excess of physiological requirements
or suppress NFκB activation have been validated to be highly efficient
in inhibiting osteoclastogenesis [57,58]. The goal of this article is to con-
textualize the information regarding selenoproteins in osteoblasts and
osteoclasts as well as Se status in bone homeostasis and disorders, to
provide an overview of the current state of knowledge of Se in bone
physiology and pathology.

2. Selenoproteins in osteoblasts and osteoclasts

Most of the known selenoprotein genes and some important factors
required for selenoprotein biosynthesis have been found in either oste-
oblasts or osteoclasts [59–61]. In standard cell cultures, known to be Se-
deficient conditions [62], Se supplementation in human fetal osteoblast
(hFOB) cells restored GPx and TrxR activities [63]. Likewise, Se supple-
mentation in primary bone marrow stromal cells (BMSCs) that are
able to differentiate into mesenchymal cells such as osteoblasts also in-
creased GPx and TrxR activities (Fig. 1B), consequently reducing intra-
cellular ROS levels and DNA damage [60] and counteracting hydrogen
peroxide-suppressed osteoblastic differentiation [64].

2.1. Synergistic effect of vitamin D and Se on TrxR in osteoblasts

Basal steady state TrxR1 mRNA is regulated by transcriptional factor
Oct-1 and SP1/SP3, which bind the core promoter of housekeeping gene
TXNRD1 encoding TrxR1mRNA [65]. Inducible TrxR1mRNA is regulated
by a transcriptional factor termed Nrf2 that binds to the antioxidant re-
sponse element promoter of the TXNRD1 gene [66]. Post-transcriptional
regulation of TrxR by Se at a translational level has been well character-
ized [20,66,67]. Compounds that are able to stimulate the transcription
of TrxR1 mRNA have the potential to generate a synergistic effect with
Se on TrxR1 biosynthesis [67–70]. The hormonal form of vitamin D,
1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3), plays an important role
in promoting cellular differentiation [71]. In THP-1 monocytic leukemia
cells, 1α,25(OH)2D3 and Se synergistically elevated TrxR1 protein and
activity through a concerted regulation of transcription and translation
by 1α,25(OH)2D3 and Se, respectively [72]. Compared with other
1α,25(OH)2D3-induced genes such as osteocalcin or osteopontin
(OPN), the immediate early response of TrxR1mRNA steady state levels
to 1α,25(OH)2D3 exhibits a fast kinetics feature, i.e., maximal elevation
was achieved only after 1 h and decline to basal levels occurred within
the next several hours in hFOB cells [73]. Such a transient phenomenon
is attributed to the presence of several reiterated AUUUA sequence
stretches within the 3′ untranslated region of TrxR1 [65], because
AUUUA-rich sequences usually endowmRNAswith a rapid degradation
feature [74]. In hFOB cells cultured in Se-deficient media, 1α,25(OH)
2D3 treatment did not increase TrxR activity, although it up-regulated
TrxR1 mRNA; on the contrary, Se supplementation at a concentration
that significantly increased TrxR activity did not affect TrxR1mRNAsyn-
thesis, whereas the co-treatment of 1α,25(OH)2D3 and Se synergisti-
cally elevated TrxR1 protein and activity (Fig. 1C) [63], thereby
suggesting that 1α,25(OH)2D3-mediated osteoblastic differentiation
and/or maintenance of the differentiation program would be impaired
if Se is deficient in bone.

2.2. GPx and TrxR in osteoclasts

A mounting body of evidence demonstrates that excessive amounts
of ROS promote osteoclastogenesis [54,55]. In osteoclasts, among various
antioxidant proteins, including superoxide dismutase 1–3, glutaredoxin
1 and 2, TrxR, Trx, GPx1–4, catalase, peroxiredoxin 1–6 aswell as the cat-
alytic and regulatory subunit of γ-glutamyl cysteine synthetase, Lean
et al. found that the expression of Sec-containing GPx4 mRNA exceeded
those of other species except another Sec-containing protein, GPx1,
which was an order of magnitude higher than that of GPx4 [58]. GPx is
primarily responsible for the degradation of hydrogen peroxide, which
has been recognized as amajor culprit for promoting osteoclastogenesis.
RANKL-induced differentiation of the RAW264.7 murine macrophage
cell line toward an osteoclastic phenotype involves NFκB activation.
Both NFκB activation and osteoclastic differentiation in response to
RANKL were abolished in RAW264.7 cells transfected with a GPx1 ex-
pression construct [58,75]. Likewise, although ebselen, an organic seleni-
um compoundwith GPx-like activity, does not increase intracellular GPx
activity [76,77], it pronouncedly inhibits RANKL-induced osteoclastic dif-
ferentiation [75,78]. Coincidentally, themechanism of action of estrogen,
awell-documented endogenous inhibitor of osteoclastogenesis, involves
GPx1 up-expression in osteoclasts [58]. Paradoxically, RANKL, which po-
tently promotes osteoclastic differentiation, also induces GPx1 expres-
sion in osteoclasts [58]. RANKL-induced GPx1 expression could be
viewed as a negative feedback auto-regulatory mechanism [58] in a
manner similar to RANKL-induced interferon-β, which suppresses
RANKL-induced expression of c-Fos, an essential transcription factor for
osteoclastogenesis [79]. Within a cell, there exists a strict hierarchy
governing the response of selenoproteins to Se deficiency, with certain
selenoproteins synthesized at the expense of others [80–82]. GPx1 is
sensitive to Se deficiency and TrxR1 is relatively resistant to Se deficien-
cy; as a result, modest Se deficiency usually leads to a large reduction of
GPx activity and little alteration of TrxR activity [83,84]. The fact that
GPx1 is deposited at an overwhelmingly predominant level in osteo-
clasts from the viewpoint of antioxidant proteins emphasizes the impor-
tance of Se availability in inhibiting osteoclastogenesis. However, the
impact of Se on this is not as straightforward, since it also increases
TrxR that presumably imparts a bidirectional influence on osteoclasto-
genesis [85,86].

Trx1 in conjunction with TrxR1 not only act as antioxidant proteins
in the cytoplasm and inhibit NFκB activation but also function as pro-
moting factors of NFκB activation in the nucleus [85]. The DNA-
binding activity of transcriptional factors AP-1, NFκB, and nuclear factor
of activated T cells (NFAT), essential for osteoclastic differentiation,
relies on Trx to reduce the conserved Cys residues within their DNA-
binding domains [75,85,87]. AP-1-, NFκB-, and NFAT-reporter gene ex-
pression as well as osteoclast formation were enhanced by RANKL in
RAW264.7 cells transfected with a Trx expression construct [75].
Over-expression of Trx-binding protein 2 (TBP2), a negative regulator
of Trx [88], in colony-forming unit-granulocyte macrophage precursors
substantially suppressed macrophage colony-stimulating factor and
RANKL together induced Trx1 expression and osteoclastogenesis [78].
Likewise, over-expression of TBP2 in RAW264 cells also pronouncedly
inhibited osteoclast formation in response to RANKL treatment [89].
Consistently, D-allose, a rare sugar that was able to increase TBP2 ex-
pression in RAW264.7 cells, suppressed RANKL-induced activation of
AP-1, NFκB, and NFAT as well as osteoclastic differentiation [89]. As a
key reductase of Trx1, it could be envisioned that TrxR1 promotes the
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activation of redox-sensitive transcriptional factors; indeed, over-
expression of TrxR1 enhanced NFκB activation and the expression of
NFκB-targeted pro-inflammatory genes [90]. What is more, TrxR is
able to facilitate NFκB-mediated gene expression independent of the
DNA-binding regulation and all earlier steps in the activation pathway
[86]. The cascade of TNFα-stimulated NFκB activation from the degra-
dation of IκBα in the cytoplasm to DNA binding in the nucleus as well
as NFκB redox status was not influenced by TrxR inhibition through
TrxR-specific inhibitors or siRNA knockdown, but these inhibitory mea-
sures dramatically reducedNFκB-mediated gene expression, suggesting
that TrxR reduces the transactivation potential of NFκB [86]. Altogether,
these lines of evidence unveil the possibility of modulating osteoclasto-
genesis via Trx and TrxR.

Taking both GPx and TrxR into account, the impact of Se that boosts
the effect of either of the two on osteoclastic differentiation appears to
remain inconclusive. However, animal studies and epidemiologic inves-
tigations have shown thatwhole selenoprotein deletion or Se deficiency
is implicated in bone disorders (to be discussed in the next two para-
graphs). On the other hand, a compound with the capacity of both in-
creasing GPx activity and suppressing TrxR activity during osteoclastic
differentiation would be a promising candidate to be developed
for inhibiting abnormal osteoclastogenesis. Plant-derived curcumin,
which has been recognized as a new paradigm for the treatment of
osteoarthritis [91], lends credence to this hypothesis. Curcumin could
protect as effectively as estrogen against ovariectomy-induced bone
loss [92]. Curcumin, known as a potent TrxR inhibitor [93–95], dramat-
ically suppressed RANKL-induced osteoclastic differentiation and NFκB
activation in RAW264.7 cells [96,97]. Importantly, RANKL-induced
GPx1 mRNA and activity in osteoclast precursor cells were enhanced
by curcumin [98]. In addition, this hypothesis also appears to be sup-
ported by data on gold. On the one hand, gold nanoparticles significant-
ly augmented RANKL-induced GPx1 mRNA and activity as well as
suppressed RANKL-induced osteoclastic differentiation and NFκB acti-
vation in bone marrow-derived macrophages [99]. On the other hand,
gold-derived compounds including auranofin, aurothioglucose, and
aurothiomalate exhibited an extraordinary TrxR inhibitory activity at
lownanomolar concentrations [100–103],whereby they suppressed os-
teoclastic bone resorption [104,105].

3. Selenoprotein knockout or biosynthesis impairment

Selenoprotein P (SePP) is a unique Sec-rich protein wherein the
larger N-terminal domain has one Sec residue in the redox motif and
unusually, the smaller C-terminal domain contains nine Sec residues
[106]. Over 60% of the whole plasma Se level is contributed by SePP in
Se-replete rats [107]. Plasma SePP is mainly secreted from the liver
[108]. Hepatic biosynthesis of SePP has a salient influence on whole-
body Se levels [109,110]. The principal roles of SePP are Se transport
and storage, being essential for Se homeostasis and distribution [106].
The entry of circulating SePP into a cell is regulated by a receptor-
mediated mechanism. The deletion of apolipoprotein receptor 2 or the
absence of a functional lipoprotein megalin receptor impaired SePP up-
take [111–115]. Under the conditions of Se deficiency, Se storage in dif-
ferent tissues exhibits a hierarchy-dependent retention with brain,
endocrine, and reproductive organs ranking the highest and being resis-
tant to Se deficiency [116–118]. Similar to those tissues that are prefer-
entially supplied with Se under Se-deficient conditions, bone was
recently found to be a prior target tissue of SePP, thus implying
that Se plays a vital role in bonephysiology [61,119]. Of the two SePP re-
ceptors, lipoprotein megalin receptor was not found in bone, whereas
apolipoprotein receptor 2 (APOER2) expression was significantly influ-
enced by SePP levels in a negative feedback manner, suggesting that Se
levels in the bone are tightly regulated [61,119]. Indeed, genetic abla-
tion of SePP resulted in a 25-fold drastic reduction of serum Se concen-
trations but only a 2.5-fold mild decrease of bone Se levels [61]. SePP
knockout has been employed for mimicking Se deficiency in tissues
highly resistant to Se deprivation [106,111,120]. SePP knockout male
mice fed a regular diet suffered from Se loss in the developing bone,
and consequently had a reduced ratio of femoral trabecular bone vol-
ume (BV) to tissue volume (TV) compared with wild-type male mice
[121]. Sec-tRNA[Ser]Sec, encoded by Trsp, is required for the incorpora-
tion of Sec residues into all selenoproteins. Global Trsp gene removal
is embryonic lethal, whereas conditional Trsp knockout in a specific tis-
sue provides a useful tool for studying the role of selenoproteins [122,
123]. Using the conditional gene deletion approach to remove the Trsp
gene from skeletal progenitor cells (osteo-chondroprogenitors),
Downey et al. found that themutantmice exhibited dwarfism, impaired
skeletal growth and endochondral bone formation, delayed ossification,
and severe auricular chondronecrosis [124], thereby indicating that the
preservation of selenoproteins in bone is essential for normal skeletal
development and implying that severe Se deficiency is detrimental to
bone.

Thyroid hormones participate in regulating skeletal development
and growth via promoting anabolic actions, and accordingly thyroid
hormone metabolism dysfunction during childhood causes delayed
bone maturation and linear growth [125]. Se modulates hormone axis
via Sec-dependent proteins Dio1, 2, and 3, which catalyze the reductive
elimination of iodide from iodothyronines. Dio1 and 2 convert the hor-
mone precursor 3,3′,5,5′-tetraiodothyronine (T4) into the active hor-
mone, 3,3′,5-triiodothyronine (T3). Conversely, Dio3 converts T4 and
T3 into inactive metabolites, 3,3′,5′-triiodothyronine (rT3) and 3,3′-
diiodothyronine, respectively [126]. Therefore, Se deficiency and/or im-
pairment of selenoprotein biosynthesis machinery would cause thyroid
axis derangement and consequently a thyroid hormone-responsive
delay of bone development. In this regard, a convincing direct link has
been established in humans. Children with homozygous or compound
heterozygous mutations in SBP2, a key trans-acting factor for the co-
translational insertion of Sec into selenoproteins, had abnormal thyroid
function tests (high serumT4 and rT3 and low serum T3) alongwith the
syndromes of growth retardation and delayed bone maturation
[127–129]. Serum GPx activities and SePP and Se levels as well as Dio2
and GPx activities in skin fibroblasts were reduced in SBP2 defect sub-
jects [127–131]. Combined treatment of T3 and growth hormone nearly
normalized the thyroid function tests and significantly improved longi-
tudinal bone growth and maturation in a short stature Japanese boy
with the SBP2 mutation [131], whereas Se supplementation by using
Se-rich yeast in the individuals with inherited partial SBP2 deficiency
failed to restore thyroid hormone metabolism dysfunction or increase
GPx activity although it increased serum Se concentrations [130]. Over-
all, the syndrome of growth retardation and delayed bone maturation
involved in SBP2 defective individuals highlights the importance of
selenoproteins for bone development.
4. Se deficiency

4.1. Skeletal development

Cao et al. reported that Se deprivation in first-generation mice
that only had approximately 10% of normal hepatic Se levels and GPx
activities augmented osteoclastic activity and bone resorption, as indi-
cated by significantly reduced trabecular number and the ratio of
BV to TV, as well as significantly increased trabecular separation,
serum intact parathyroid hormone, and tartrate-resistant acid phospha-
tase (TRAP) [132]. Moreno-Reyes et al. showed that continuous Se
deprivation up to second-generation rats that only had approximately
1–2% of normal plasma Se levels and erythrocyte GPx activities
resulted in growth retardation and impaired skeletal development, as
evidenced by thin trabecular bone architecture, reduced trabecular
bone volume/surface, low bone mineral density (BMD) and urinary
deoxypyridinoline, and high plasma intact parathyroid hormone and
urinary calcium [133].
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4.2. Kashin–Beck disease (KBD)

KBD, endemic in certain areas of theworld, is a chronic and degener-
ative osteoarthropathy with the symptoms of skeletal and joint defor-
mations, short limb and dwarfism, and joint destruction, enlargement,
and pain [134–138]. Most KBD caseswere found in Se-deficient districts
[138–140]. In the Tibet Autonomous Region, one of the most prevalent
areas of KBD in China, plasma Se levels in 90% of the affected children
and a third of the affected children were lower than 27 ng/mL and
5 ng/mL, respectively [139], whereas optimal plasma Se concentrations
for achieving maximal GPx activity are 80–100 ng/mL [141–144].
Therefore, Se deficiency has been regarded as a putative risk factor of
KBD. This notion is further corroborated by: 1) genetic evidence show-
ing that selenoprotein knockout from osteo-chondroprogenitors phe-
notypically replicated many pathological features of KBD in mice
[124]; 2) that a KBD rat model can be induced by T-2 toxin exposure
and a low-nutrition diet inwhich Se is deficient [145]; and 3) the partial
protective effects of Se supplementation against the KBD syndrome
[146,147].

4.3. Osteoporosis

Osteoporosis usually occurs in the elderly, with a high prevalence in
postmenopausal women. This disease is characterized by bone loss and
fragile porous bones that lead to an increased risk of fractures. In osteo-
porosis, bone loss results from disturbed equilibrium between osteo-
blastic bone formation activities and osteoclastic bone resorption
[148]. It has been well documented that excess amounts of ROS or re-
duced estrogen levels increase osteoclast number and bone resorption
[54]. An association between ROS elevation and estrogen reduction in
bone marrow has been noted [54]. The GSH system, comprising
NADPH, GSH, and glutathione reductase, and the Trx system, composed
of NADPH, Trx, and TrxR, play a crucial role in antioxidant defense in
concert because the two systems reciprocally provide electrons to con-
stitute a functional backup for each other [149–151]. Many recent stud-
ies provide evidence that simultaneous inhibition of both Trx and GSH
systems greatly enhances oxidative stress compared with single-
system inhibition [152–156]. Unfortunately, estrogen deficiency after
ovariectomy not only resulted in the simultaneous impairment of GSH
and Trx systems [157], but also compromised other antioxidant en-
zymes, including GPx and superoxide dismutase, in the bone marrow
of rats [158]. Nonetheless, exogenous antioxidant supplementation
using N-acetyl cysteine, ascorbate, or pegylated catalase abolished
ovariectomy-induced bone loss [58,158]. Therefore, Se deficiency
that compromises the biosynthesis of a number of antioxidant
selenoenzymes would evoke and/or aggregate osteoporosis [159].
Such an assumption is supported by two population-based studies.
The first was a prospective study, which characterized the association
between Se status and bone mass among healthy euthyroid postmeno-
pausal women, demonstrating that plasma Se levels or SePP concentra-
tions were positively correlated with hip and lumbar spine BMD at
study entry as well as after the 6-year follow-up [160]. The second
was a case–control study, which investigated the link between antioxi-
dant intake and the risk of osteoporotic hip fracture and whether the
link was modified by cigarette smoking, commonly known as a risk
factor of osteoporotic hip fracture [161], revealing an inverse dose–
response association between Se intake and hip fracture risk among
ever smokers, with a 73% lower risk when the highest and lowest quin-
tiles of Se intake were compared [162].

5. Rheumatoid arthritis

5.1. Se at supranutritional dose levels suppresses NFκB activity

Rheumatoid arthritis is a chronic autoimmune disease that affects
synovial tissue in multiple joints. Compelling evidence shows that the
activation of NFκB in the synovium is a hallmark of rheumatoid arthritis,
and blockade of NFκB activation is an effective strategy of preventing
against irreversible damage to the adjacent cartilage and bone
[163–169]. Excessive amounts of ROS promote NFκB activation in the
cytoplasm, whereas maintaining Cys residues within the DNA-binding
domain of NFκB in the reducing thiol form is essential for NFκB activa-
tion in the nucleus. The compartmentally contrasting redoxmodulation
in the cascade of NFκB activation renders either antioxidants or pro-
oxidants likely to inhibit NFκB activation. In the cytoplasm, GPx1,
TrxR1, and other selenoproteinswith antioxidant attributes together in-
hibit NFκB activation via neutralizing ROS and increasing the production
of arachidonic acid-derived 15-deoxy-Δ12,14-prostaglandin J2, an en-
dogenous inhibitor of IκB kinase β [170,171]. However, in the nucleus,
Trx1 in conjugation with TrxR1 enhance the DNA-binding capacity of
NFκB [85,90], and TrxR1 reduces the transactivation potential of NFκB
[86]. The action of Se at low essential levels (normally 0.1 μM selenite
in cultured cells), which are required for sustaining the full activity of
a battery of selenoproteins in NFκB activation is, therefore, a tricky
issue owing to the presence of TrxR [172]. However, at tolerable high-
dose levels that do not trigger perceived cytotoxicity (2–5 μM selenite
for certain types of cell lines), selenite readily reacts with thiol groups
in proteins, leading to the formation of the selenotrisulfide type of ad-
duct [46]. This unique pro-oxidant property of Se compounds and
their metabolites endows Sewith an unambiguous capacity to suppress
the DNA-binding activity of NFκB in the nucleus [173]. In RAW264.7
cells, whose selenoenzymes could be saturated by 0.1 μM selenite
[171], 2 μM selenite that had no cytotoxicity substantially suppressed
lipopolysaccharide-induced NFκB activation and its downstream
gene expression, such as inducible nitric oxide synthase [33] and
cyclooxygenase-2 [34]. It should be noted that these Se concentrations
employed in cell culture systems should be considered as pharmacolog-
ical levels that can be achieved only through supranutritional Se admin-
istration in vivo. Consistently, Se at tolerable high-dose levels
suppressed carcinogen- and allergen-induced NFκB activation in rats
and mice, respectively [30,32]. Recently, in an antigen-induced arthritis
model in mice, Vieira et al. showed that short-term intake of high-dose
Se for 7 days from a diet containing 9.4 ppm Se in the form of Se-yeast,
which otherwise would be toxic if consumed for a longer period, signif-
icantly reduced the inflammatory cells recruited to the knee cavity and
peri-articular proinflammatory cytokines, such as TNFα, IL1β, and
CXCL1. In an adjuvant-induced arthritis model in rats, they also found
that the same Se treatment for 10 days significantly reduced paw
edema, hypernociception, and peri-articular neutrophil influx, TNFα,
IL1β, and IL-10. In an ex vivo experiment using macrophages isolated
from mice treated with or without 9.4 ppm Se, they demonstrated
that the Se treatment inhibited lipopolysaccharide-stimulated produc-
tion of TNFα and CXCL1 [174]. Currently, the idea of using pro-
oxidative activities of supraphysiological selenite has just been
challenged because such an approach is not successful in postoperative
critically ill patients with severe sepsis [175,176]. Therefore, a more ap-
propriate clinical study would be to determine whether a given rheu-
matoid arthritis patient has developed a severe Se deficit, and then to
suggest a personalized supplementation regimen aiming at achieving
optimal Se levels in blood to optimize selenoprotein P expression.

5.2. TrxR as a drug target of rheumatoid arthritis

Rheumatoid arthritis has higher levels of Trx and TrxR in the synovi-
al fluid and cells compared with osteoarthritis [177–180]. Trx enhanced
NFκB activation and pro-inflammatory cytokine production in rheuma-
toid synovial fibroblasts subjected to TNFα treatment [178], implying
that Trx and TrxR in the synovial fluid and cells aggravate rheumatoid
inflammation [177,178]. Gold-derived auranofin and aurothioglucose
are robust TrxR inhibitors [100–103], and they have been extensively
employed for treating rheumatoid arthritis for more than two decades
[181]. The coincident linkage of an abnormally up-regulated Trx system
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and awidely used therapeutic agentwith a powerful TrxR inhibitory ac-
tivity in the case of rheumatoid arthritis supports the notion that TrxR is
a prime drug target of rheumatoid arthritis.

6. Breast cancer

6.1. Vicious cycle

Bonemetastasis occurs frequently in advanced breast cancer patients
[182]. Metastatic breast cancer cells can induce an osteoblastic inflam-
matory response. The resultant pro-inflammatory cytokines then spur
osteoclastic differentiation, leading to bonematrix degradation and con-
comitant growth factor leakage into the bonemicroenvironment. The re-
leased growth factors, such as transforming growth factor β, vascular
endothelial growth factor, and insulin-like growth factors, in turn pro-
mote the proliferation ofmetastatic breast cancer cells and the establish-
ment of metastatic tumors [182,183]. The crosstalk between metastatic
breast cancer cells, osteoblasts, and osteoclasts results in a vicious cycle
that is more and more affable to bone tumors and finally brings about
osteolysis [182,183]. An approach that can impair one or more steps in
the cascade of the vicious cycle would attenuate osteolytic lesions.
Chen et al. showed that human breast cancer cell-conditioned media
activated osteoblastic NFκB, resulting in the up-regulation of pro-
inflammatory cytokines and enzymes, including interleukin 6, monocyte
chemoattractant protein 1, cyclooxygenase 2, and inducible nitric oxide
synthase; however, all these osteoblast inflammatory stress responses
could be substantially suppressed by Se at high-dose levels that did not
trigger cytotoxicity [184], suggesting that supranutritional Se supple-
mentation in breast cancer patients would diminish the vicious cycle.

In addition, OPN, a secreted protein present in tissues and bodily
fluids, also plays a role in promoting the vicious cycle [183,185].
Osteoclastogenesis does not occur in the absence of OPN [186–188]. In
Fig. 2. Influences of Se deficiency and impaired selenoprotein biosynthesis machinery on bone
receptor-mediatedmechanism. Hepatic biosynthesis of SePP has a salient influence on whole-b
in a negative feedbackmanner, suggesting that Se levels in the bone are tightly regulated. None
deficiency and TrxR1 is relatively resistant to Se deficiency due to the selenoprotein hierarchy th
biosynthesis increases intracellular ROS levels. Excessive amounts of ROS suppress osteoblastic
pendently.Moreover, ROS stimulates RANKL expression in osteoblasts and acts as a crucial intra
deficiency, SBP2 deficiency also reduces selenoprotein biosynthesis including SePP and Dio; ac
thyroid axis derangement in children carrying SBP2 mutations have been identified.
contrast, exogenous addition of OPN greatly increased RANKL expres-
sion and significantly reduced OPG expression in stromal cells; the ele-
vated ratio of RANKL to OPGpromoted osteoclastic differentiation [185].
OPN is over-expressed in breast cancer cells [183,185,189], which, after
metastasis to the skeleton, enhances OPN expression in osteoblasts
[190]. Therefore, metastatic breast cancer patients usually have a high
level of circulating OPN [189,191]. The impact of Se on OPN expression
has not yet been systematically elucidated. Several separated studies
have hinted that Se may act as a negative regulator of OPN expression.
Chen et al. and Serwin et al. found plasma concentrations of OPN and
Se to be significantly increased and reduced in psoriasis patients, re-
spectively [192,193]. Kadry and Rashed confirmed these findings and
indicated that there existed a strong negative association between plas-
ma Se and OPN among psoriasis patients [194]. Se supplementation
down-regulated mRNA levels of Runx2, a transcriptional factor respon-
sible for OPN expression, in vascular smoothmuscle cells [195,196]. Im-
portantly, OPN expression in breast cancer cells exposed to high-dose Se
was largely reduced, and OPN expression in mammary tumors in mice
that received supranutritional Se was markedly inhibited [197]. Taking
the metastasis-promoting function of OPN into account [198–200],
supranutritional Se supplementation in breast cancer patients would
help to dampen the vicious cycle via reducing the metastatic potential
of breast cancer cells [201,202]. In this regard, it remains of interest to
elucidate the influences of Se on OPN expression in osteoblasts and
osteoclasts.

6.2. Aromatase inhibitor

After menopause, estrogenmainly results from the aromatization of
androgen precursors in adipose tissue. Postmenopausal women with
breast cancer usually undergo aromatase inhibitor therapy to reduce
estrogen that promotes breast carcinoma development; however,
development and maintenance. The entry of circulating SePP into a cell is regulated by a
ody Se levels. APOER2 as a SePP receptor of bone is significantly influenced by SePP levels
theless, severe Se deficiency is still able to cause Se deficits in bones. GPx1 is sensitive to Se
at governs the response of various selenoproteins to Se deficiency. Impaired selenoprotein
differentiation and promote osteoclastic differentiation along with NFκB activation inde-
cellular signalmediator for RANKL-stimulated osteoclastic differentiation. In addition to Se
cordingly the syndromes of growth retardation and delayed bone maturation along with

image of Fig.�2
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estrogen also plays an important role in maintaining bone health, and
postmenopausalwomenare liable to lose their bonemass due to thede-
cline of estrogen. In this situation, aromatase inhibitor treatments
predisposed postmenopausal women to an increased risk of osteoporo-
sis and fracture [203–205]. In a ratmodel employing anastrozole, a clin-
ically used aromatase inhibitor, to deplete estrogen and consequently
evoke bony deterioration, as indicated by significant elevation of
serum TRAP activity, intraperitoneal injection of elemental Se nanopar-
ticles at a dose of 1.0 mg/kg for 1 week significantly reversed serum
TRAP activity to normal levels [206]. Consistently, in an ovariectomized
ratmodel, the same Se treatment also significantly reduced serumTRAP
activity vis-à-vis the model alone [206]. The used Se dose could be
viewed as a high but still safe level since we observed that the same Se
treatment inmice did not cause perceived toxicity, whereas overt toxic-
ity would occur at double the dose (unpublished data). The underlying
mechanisms likely involve the suppression of NFκB activation through
selenoprotein biosynthesis and/or the accumulation of low-molecular
weight Se metabolites that can readily react with thiol groups [45–48,
173]. Anyway, these results suggest that supranutritional Se supplemen-
tation in breast cancer patientswho receive aromatase inhibitor therapy
is helpful for reducing the risk of osteoporosis and fracture.

7. Conclusion

Removing the Trsp gene that encodes Sec-tRNA[Ser]Sec, which is re-
quired for Sec incorporation into selenoproteins, from skeletal progeni-
tor cells impairs skeletal development. Mutations of SBP2, which are
essential for Sec insertion into selenoproteins, cause growth retardation
and delayed bonematuration in children probably through thyroid axis
derangement due to impaired Dio enzymatic activities. Knockout of
SePP, which is responsible for Se transport and local Se storage, evokes
bone loss. These findings collectively demonstrate that the preservation
of selenoproteins in bone is essential to normal skeletal development.
On the one hand, selenoprotein biosynthesis is compromised under
Se-deficient status; on the other hand, Se levels in the bone under the
condition of lower peripheral SePP levels aremore effectively preserved
via a distinct negative feedback increase of APOER2 that mediates SePP
entry into bone cells. Nonetheless, excessive or severely inadequate Se in-
take still results in poor bone development and low BMD. The influences
of Se levels and selenoprotein biosynthesis on osteoblastic and osteoclas-
tic differentiation as well as consequent reciprocal interaction between
osteoblasts and osteoclasts are summarized in Fig. 2. Finally, the health
benefits and risks of modest excessive amounts of Se supplementation
exceeding the requirements for selenoprotein biosynthesis in individ-
ualswith normal physiological functions remain controversial according
to several lines of emerging evidence [207–209]. Therefore, disease-free
individuals are advised tomaintain an optimal Se intake that neither ex-
ceeds nor is lower than the requirements for selenoprotein biosynthesis.
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