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ABSTRACT The triage theory proposes that modest
deficiency of any vitamin or mineral (V/M) could
increase age-related diseases. V/M-dependent proteins
required for short-term survival and/or reproduction
(i.e., “essential”) are predicted to be protected on V/M
deficiency over other “nonessential” V/M-dependent
proteins needed only for long-term health. The result is
accumulation of insidious damage, increasing disease
risk. We successfully tested the theory against pub-
lished evidence on vitamin K. Here, we review about
half of the 25 known mammalian selenoproteins; all of
those with mouse knockout or human mutant pheno-
types that could be used as criteria for a classification
of essential or nonessential. Five selenoproteins (Gpx4,
Txnrdl, Txnrd2, Dio3, and Seppl) were classified as
essential and 7 (Gpxl, Gpx 2, Gpx 3, Diol, Dio2,
Msrbl, and SelN) nonessential. On modest selenium
(Se) deficiency, nonessential selenoprotein activities
and concentrations are preferentially lost, with one
exception (Diol in the thyroid, which we predict is
conditionally essential). Mechanisms include the re-
quirement of a special form of tRNA sensitive to Se
deficiency for translation of nonessential selenoprotein
mRNAs except Diol. The same set of age-related
diseases and conditions, including cancer, heart dis-
ease, and immune dysfunction, are prospectively asso-
ciated with modest Se deficiency and also with genetic
dysfunction of nonessential selenoproteins, suggesting
that Se deficiency could be a causal factor, a possibility
strengthened by mechanistic evidence. Modest Se defi-
ciency is common in many parts of the world; optimal
intake could prevent future disease.—McCann, J. C.,
Ames, B. N. Adaptive dysfunction of selenoproteins
from the perspective of the triage theory: why modest
selenium deficiency may increase risk of diseases of
aging. FASEB J. 25, 1793-1814 (2011). www.fasebj.org
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EAcH OF THE ~30 KNOWN vitamins and minerals (V/
Ms) used in metabolism are required for life. The triage
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theory (1-3) adapts basic principles of the “disposable
soma” evolutionary theory of aging (4) to highlight the
potential importance of V/M biology in diseases of
aging, such as cancer, heart disease, osteoporosis, and
dementia. Specifically, the triage theory posits that
when the dietary availability of a V/M is moderately
inadequate, nature ensures that V/M-dependent func-
tions that are essential from an evolutionary perspective
(2.e., required for short-term survival and/or reproduc-
tion) are protected at the expense of those that are less
essential (i.e., whose lack does not have acute short-
term negative consequences but may have long-term
insidious effects that increase risk of diseases associated
with aging). The triage theory does not imply that any
particular V/M deficiency is the only cause of an
age-related disease but rather that it is a contributing
factor along with the sum of all contributing causal
factors.

If the theory is correct, it has important implications
for public health. For example, it is common for
metabolic pathways to include at least one enzyme that
requires one or more V/Ms for activity, and most
people are moderately deficient in one or more V/Ms
(1, 2, 5). Modest deficiency occurs not only in poor
countries but also in the United States (especially in the
poor, obese, and elderly), caused in part by consump-
tion of calorie-rich V/M-poor unbalanced diets (1).
Societal concern is low because modest V/M deficiency
is not accompanied by overt clinical symptoms. How-
ever, the triage theory proposes that insidious changes
are occurring that, over the long term, lead to in-
creased risk of diseases of aging.

We are analyzing published evidence relevant to the
functional spectrum of individual V/Ms to test 3 pre-
dictions of the theory. Prediction 1: essential V/M-
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dependent proteins are more resistant to V/M defi-
ciency than those that are nonessential. Prediction 2:
modest V/M deficiency is prospectively associated with
diseases of aging. Prediction 3: decreased functionality
of nonessential V/M-dependent proteins contributes
causally to increased risk of diseases of aging.

These predictions are not testable unless V/M-de-
pendent proteins can first be categorized as “essential”
or “nonessential.” Since, from the perspective of the
triage theory, an essential V/M-dependent protein is
defined as “required for survival to reproductive age or
required to reproduce,” mouse knockout (KO) pheno-
types provide a convenient (though imperfect) tool for
classification. Proteins with a KO phenotype indicating
either prenatal lethality or postnatal loss of fertility can
be classified essential, and proteins with KOs that
survive and are fertile can be classified nonessential.
Homozygous human mutants resulting in complete loss
of a protein are, of course, most directly relevant to
essentiality in humans but such mutant phenotypes are
often not available. See several reviews for detailed
discussion of selenoprotein (SP) KOs (6-9).

For an illustration and further discussion of the
general approach, we have taken to test the triage
theory, see our recently published analysis of vitamin
K (vitK; ref. 3), results of which strongly supported
predictions 2 and 3. Some results were also support-
ive of prediction 1, although only limited evidence
was available. The SP evidence base is much more
extensive than that for vitK, allowing a more ade-
quate test.

BACKGROUND

In mammals, the great majority of dietary selenium
(Se) is incorporated as selenocysteine during transla-
tion at the active site of 25 SPs in humans (24 in
rodents). This process is highly complex and still
incompletely understood. It depends on the reinterpre-
tation of UGA on SP mRNAs, normally a stop codon, as
selenocysteine. Factors required to accomplish this
“recoding” include an unusual mRNA stem-loop struc-
ture present in all SP mRNAs called the selenocysteine
insertion sequence (SECIS) element, an elongation
factor (EFSec), SECIS-binding protein 2 (SBP2) that
binds to the SECIS element and promotes selenocys-
teine insertion from Sec tRNAIS®'1S¢¢ (selenocysteine
tRNA) into the growing peptide chain, and other
factors. For a thorough discussion of these and other
aspects of SP biosynthesis, see several reviews in refs.
10-12. The substitution of Se for sulfur at the catalytic
site has a major effect on enzyme potency (13) and can
increase efficiency by >100-fold (14, 15). SPs are
required for life, as demonstrated by the lethality of
mouse KOs unable to incorporate Se into SPs (16), and
by severe impairment if SP synthesis is knocked out in
specific tissues (e.g, refs. 17, 18). About a dozen SPs are
well characterized, most of which are enzymes involved
in redox regulatory pathways and maintenance of op-
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timal redox status. For an overview of the biology of
SPs, see several reviews (11, 19-22).

This review focuses on 12 SPs with known mouse or
human mutants with phenotypes that permit a classifi-
cation of essential or nonessential. These 12 SPs in-
clude representatives of all three major classes of SPs
[4 glutathione peroxidases (Gpxl, Gpx2, Gpx3, and
Gpx4), 2 of the 3 thioredoxin reductases (Txnrdl and
Txnrd2), and all 3 deiodinases (Diol, Dio2, and Dio3) ],
as well as the Se transport protein selenoprotein P
(Seppl), the methionine-Rsulfoxide reductase seleno-
protein R (Msrbl or SelR), and selenoprotein N (SelN), a
redox-active SP involved in muscle development and
calcium homeostasis. The nomenclature used in this
review, major tissue expression profiles, subcellular loca-
tions, primary functions, and mouse KO or human ho-
mozygote phenotypes of these 12 SPs are in Table 1 (14,
20, 21, 23-76).

SP hierarchies

The protection against Se deficiency of some tissues
and SPs at the expense of others has been of great
interest in Se biology for >2 decades (e.g., ref. 77).
There are at least 2 layers of hierarchies, as discussed in
many reviews (6, 10, 11, 78—84). The first layer involves
the preferential distribution of Se to, and retention by,
some tissues (brain, endocrine, and reproductive or-
gans) over others (e.g., liver; refs. 85, 86). A broad
spectrum of both essential and nonessential SPs are
present in these favored tissues and also in all other
tissues.

A second layer of hierarchies involves the protection
against Se deficiency of some SPs over others within
specific tissues. Within-tissue hierarchies can be ob-
served both in vivo and in vitro by measuring SP
concentrations or enzyme activities (79), mRNA tran-
scripts (10, 87), or SP translation rates (78). This
analysis will focus on within-tissue hierarchies of SP
activities or concentrations measured in vivo where the
sensitivities of essential and nonessential SPs to Se
deficiency are directly compared. While these hierar-
chies have been widely discussed, to our knowledge this
review is the first to systematically analyze all available
evidence. Differential effects of Se availability on within-
tissue mRNA expression, stability, or SP translation
rates provide critical evidence required to understand
the highly complicated array of homeostatic mecha-
nisms that, together, effect the end result. An impor-
tant literature on these various mechanisms exists and
is rapidly growing; several representative citations are
listed (10, 18, 78, 82, 88-95). How these mechanisms
combine to maintain within-tissue hierarchies is briefly
considered in Discussion.

Overlapping enzyme activities of 3 major SP enzyme
classes

Testing the first prediction of the triage theory involves
comparing the within-tissue relative sensitivities of es-
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sential and nonessential SP activities to Se deficiency, as
indicated above. Within each of the 3 major SP enzyme
classes (glutathione peroxidases, thioredoxin reducta-
ses, and deiodinases), the activities of within-class iso-
forms overlap, at least to some extent (Table 1). For
example, all 4 glutathione peroxidases reduce hydro-
gen peroxide (H,O,) and free fatty acid hydroperox-
ides using glutathione (GSH) as reductant, and all are
thus detected when HyOy is the substrate. Only Gpx4
can be individually identified because it is the only Gpx
that reduces complex hydroperoxides in phospholipids
and low-density lipoproteins (23, 24). Thus, all compar-
isons among different glutathione peroxidases using
enzymatic assays are limited to a comparison of Gpx4
activity to overall Gpx activity. A lack of specificity also
pertains to the activity of the thioredoxin reductases
and, to some extent, to the several deiodinases (Table
1). Without some additional means of distinguishing
between these within-class isoforms, their overlapping
enzyme activities would make it impossible to rank
them according to their sensitivities to Se deficiency, a
major goal of this review. Fortunately, the different
tissue and subcellular distributions of these SPs (Table
1), combined with other isoform-specific properties,
such as different substrate affinities or sensitivities to
inhibitors, as in the case of Diol and Dio2, make it
possible to infer their relative sensitivities to Se defi-
ciency from enzyme assay results in most cases.

MATERIALS AND METHODS

Standard search methods were employed to retrieve pub-
lished information, including PubMed, Google, and the ISI
Web of Knowledge Cited Reference Search tool (http://
pcs.isiknowledge.com). Expert reviews were an important
resource. Together with published resources, web-based
data repositories were also utilized, particularly the Mouse
Genomic Informatics (MGI) database (http://www.informatics.
jax.org), which was used to search for mouse KO mutants. To
facilitate discussion of the large amount of data describing
the relative sensitivities of essential and nonessential SPs to
modest and severe Se deficiency, several quantitative mea-
sures were used to summarize results, permitting visual dis-
play (Figs. 1-4). Results summarized quantitatively were from
experiments with the same basic design. Different groups of
subjects (usually rodents) were fed diets variously deficient in
Se for an extended period of time (=1 mo). At termination,
enzyme activities (occasionally protein concentrations) were
measured for at least 2 SPs in the same tissue, one essential
and one nonessential. SP enzyme activities were recorded
from published data in tables or estimated from results
presented in figures. For each experiment, percentage of
activity compared to that on a Se-replete diet was determined
at two dietary concentrations of Se, modest and severe
deficiency. For modest deficiency, percentage activity (rela-
tive to a replete diet) at the highest dietary concentration at
which the activity of the most sensitive SP decreased signifi-
cantly below activity on a replete diet was used to represent
sensitivity to modest Se deficiency. Two-sample ¢ tests were
used to determine statistical significance when P values were
not reported. Standard deviations (sps) were estimated from
results displayed in published figures when necessary. Results
were not included if sps were not provided. For severe
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deficiency, percentage activity (relative to a replete diet) at
the lowest dietary concentration of Se employed, which in all
experiments summarized represented a severe level of defi-
ciency, was used to represent sensitivity to severe Se defi-
ciency. These measures are illustrated by an example in
Supplemental Material, and results of calculations are pre-
sented in Supplemental Table S1. When the same SPs were
compared in the same tissue in >1 experiment, means * sp
are displayed. Since quantitative measures used are not
precise (as they are dependent on the particular diets em-
ployed, times of sampling, efc.) and since the means * sp
plotted are across experiments that are not strict replicates, it
was expected that variances would be considerably greater
than had it been possible to use more precise measures and
experiments with more closely replicated designs.

RESULTS

Categorizing SPs according to their essentiality

Mouse KO phenotypes for 11 SPs are shown in Table 1.
Five KOs were either embryonic lethal (Gpx4, Dio3,
Txnrdl, and Txnrd2) or offspring had severely reduced
fertility (Seppl and Dio3). These 5 SPs were classified
essential, a classification logically consistent with their
functions.

Gpx4

One isoform of Gpx4, cytosolic Gpx4 (cGpx4), is
essential for embryonic development (46) and another,
mitochondrial Gpx4 (mGpx4), for fertility (45, 96, 97).
The lethality of the cGpx4 KO is consistent with its
unique function in protecting against damage from
lipid peroxidation and participating in critical lipid
peroxide signaling pathways (98-100). Severe infertil-
ity of mGpx4-KO offspring is also not surprising, given
the fact that mGpx4 plays an essential structural role in
spermatozoa (45, 101).

Txnrdl and Txnrd2

These SPs are required for embryogenesis, presumably
because of the extensive involvement of thioredoxin in
many signal transduction pathways (52, 53, 102). How-
ever, they may be less essential postnatally (48). This
suggestion is supported by observations that postnatal
and prenatal functions may not be the same (48, 103,
104), that significant loss of Txnrdl activity in hemizy-
gotes (105) or complete loss in liver hepatocytes (106)
is well tolerated, and that Txnrd2 may at least partially
compensate for loss of Txnrdl (53, 107).

Dio3

Partial lethality in Dio3 KOs is not surprising, since
Dio3 is highly expressed during fetal development (64)
and protects against high T3 concentrations known to
be toxic to the fetus (57). Mechanisms explaining the
severe reduction in fertility in Dio3-KO offspring are
less certain, but the testes in these animals are
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TABLE 1.

Basic properties of SPs discussed in this review

SPs and selected references

Primary tissue expression®

Major subcellular
location

Major function

Mouse KO phenotype

Glutathione peroxidases
(Gpx; refs. 23-25)

Gpxl1 (26-28)
Gpx2 (27, 30-32)

Gpx3 (36, 37)

Gpx4 (40-47)

Thioredoxin reductases
(Txnrd; refs. 48-51)

Txnrdl (50, 52-54)
Txnrd2 (102)

Deiodinases (Dio; refs.
29, 38, 56-60)
Diol (59, 61)

Dio2 (38, 59, 62)

Dio3 (38, 59, 63-65)

Ubiquitous, predominant”
Major intestinal epithelial
Gpx; induced in other
epithelial cells (lung,

skin, breast; refs. 33, 34)
Secreted into ECM:
plasma from kidney,
thyroid colloidal lumen
from thyrocytes”
Testis (highly
concentrated)

Ubiquitous (55)

Prostate, testis, liver, lung,
kidney, breast, cerebral
cortex (bb)

Thyroid, liver, kidney,
pituitary, ovary

Pituitary, brain, ear, BAT,
reproductive tissues,
human thyroid, muscle,
heart

Fetal tissues and placenta;
skin, brain, reproductive
tissues; not expressed in
thyroid

Cytosol
ER (35)

Plasma

Cytoplasm (cGpx4),
mitochondria
(mGpx4), and
nucleus (nGpx4)

Major form cytosolic

Major form
mitochondrial,
some cytoplasmic
splice variants

Plasma membrane

ER membrane

Plasma membrane

Reduction of HyO,
and some soluble
hydroperoxides;
use GSH as a
reducing substrate

Additional functions
unique to Gpx4
include reduction
of hydroperoxides
in membrane
phospholipids and
a critical structural
role in
spermatozoa

Reduction of
thioredoxin,
necessary for many
important cellular
functions; use
NADPH as a
reducing substrate

Broad specificity
(T3—=>To>T,—Ts,
Ty=>1rTy=Ts—Ty);
may act primarily
to scavenge iodide;
T,—T, and
T —1T; activities
sensitive to the
inhibitor PTU“

Important for Ty
(active thyroid
hormone)
production in
peripheral tissues
(T,—T3>rTy—
T,); T,—Ty activity
insensitive to the
inhibitor PTU“

Important for
inactivation of Ty
(Tg—>Ty>T,—rTy);
T,—rTy activity is
insensitive to the
inhibitor PTU“

Nonlethal
Nonlethal

Nonlethal

cGpx4: embryonic
lethal; mGpx4:
nonlethal, severe
male infertility;
nGpx4: nonlethal

Embryonic lethal
Embryonic lethal

Nonlethal

Nonlethal

Partial lethality,
severe infertility in
both sexes

(continued on next page)
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TABLE 1. (continued)

Major subcellular

SPs and selected references Primary tissue expression®

location Major function Mouse KO phenotype

Seppl (21, 66-69) Secreted from liver

Msrbl (14, 70-74) Heart, liver, muscle,
kidney (human); liver,
kidney, prostate, testis
(mouse)

SelN (75, 76) Skeletal muscle, brain,
lung placenta.

Plasma (accounts for
most plasma Se)

Transports Se to
brain, testis, and
kidney; some
enzymatic redox

Severe infertility in
KO males; partial
postnatal lethality
in KOs and in

properties offspring of female
KOs
Cytosol and nucleus ~ Reduces protein Nonlethal
methionine-R-
sulfoxides using
thioredoxin;
contains zinc
ER membrane Required for muscle  No mouse KO;

nonlethal and
fertile human
homozygote

development;
oxidative stress
protection and
redox regulation
involving calcium
homeostasis

BAT, brown adipose tissue; cGpx4, cytoplasmic isoform of Gpx4; CNS, central nervous system; ECM, extracellular matrix; ER, endoplasmic
reticulum; GSH, glutathione; mGpx4, mitochondrial isoform of Gpx4; nGpx4, nuclear isoform of Gpx4; PTU, 6N-propylthiouracil. “All SPs
listed are also expressed at lower levels in at least some other tissues, some more broadly than others. For example, in rodents, Gpx2 was formerly
thought to be exclusively expressed in the intestine (23) but recently has been detected in the lung (34). On the other hand, Gpx3 is primarily
expressed in the kidney but is also expressed to some extent in a number of other tissues, including the liver, heart, lung, and thyroid, and is
secreted into extracellular spaces, such as the colloidal lumen of the thyroid (20, 25, 38); and Gpx4, while highly concentrated in the testis, is
ubiquitously expressed in other tissues, although at relatively low levels (39). “Predominant except in the testis, intestine, and thyroid, where
there is also substantial expression of Gpx4, Gpx2, and Gpx3 (29), respectively. “‘Symbol > indicates different degrees of substrate preference.

unusually small, and Dio3 is known to be expressed
in parts of the neonatal brain involved in sexual
differentiation (59).

Seppl1

The severe infertility of male KO offspring (67-69) is
consistent with the role of Seppl in transporting Se to
the testis (66).

Six SP KOs did not exhibit any embryonic or postna-
tal lethality or infertility (Gpxl, Gpx2, Gpx3, Diol,
Dio2, and Msrbl). These SPs were classified nonessen-
tial, as was SelN, based on the human homozygote
mutant phenotype (Table 1). This classification is also
consistent with the known functions of these SPs.

Gpxl, Gpx2, and Gpx3

The glutathione peroxidases are part of an elaborate
partially overlapping system that maintains redox bal-
ance in the cell (108, 109). While loss of Gpx activity
would be expected to somewhat perturb this balance,
the absence of acute effects in KOs is not surprising.

Diol and Dio2

Diol and Dio2 are not required for the biosynthesis of
T, and T, which are independently produced in the
thyroid and released into systemic circulation (110,
111). Schneider et al. (61) observed significant in-
creases in both T, and Ty in the Diol-KO mouse

ADAPTIVE DYSFUNCTION OF SELENOPROTEINS

thyroid, suggesting that de novo synthesis of Ty by the
thyroid is increased in Diol KOs, leading to the ob-
served normal serum Ty levels (60, 61). Ty levels are
also normal in Diol/Dio2 double KOs (58).

Msrb1 (SelR)

The nonessentiality of Msrbl is also most likely due to
redundancy, since it is not the only Msrb present in
mammalian cells. Msrbl is the predominant Msrb in
the cytosol and nucleus (Table 1), and the other 2 Msrb
enzymes (which are not SPs) are primarily targeted to
the mitochondria (Msrb2) and the endoplasmic retic-
ulum (Msrb3) (14, 72). Despite these differences in
subcellular location, enough Msrb activity most likely
remains in Msrbl KOs to avoid lethality.

SelN

SelN was classified nonessential based on observations
that human homozygotes with undetectable concentra-
tions of SeIN in fibroblasts and skeletal muscle have
normal reproductive capacity, despite suffering from a
muscle disorder (112, 113). The precise function of
SelN is not known, although it appears to be important
in muscle development and to play a role in protection
against oxidants, redox signaling, and calcium homeo-
stasis (75, 76).

The remainder of this review is focused on this subset
of 12 SPs (selected recent reviews of each class of SP are
cited): 4 glutathione peroxidases (Gpxl, Gpx 2, Gpx 3,
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and Gpx 4; refs. 23-25, 47); 3 iodothyronine deiodi-
nases (Diol, Dio 2, and Dio 3; refs. 38, 56); 2 thiore-
doxin reductases (Txnrdl and Txnrd 2; refs. 48, 114);
selenoprotein P (Seppl; refs. 21, 66); methionine sul-
foxide reductase Bl (Msrbl or SelR; ref. (14); and
selenoprotein N (SelN; refs. 75, 76).

Prediction 1: are essential SPs more resistant than
nonessential SPs to Se deficiency?

The relative sensitivities to Se deficiency of essential
compared with nonessential SP activities or concentra-
tions i vivo within individual tissues are discussed
below. Results were assembled from 37 research re-
ports, all of which we are aware (32, 62, 82, 115-148).
Ten of the 12 SPs classified above as essential or
nonessential are examined in the 37 reports: Gpx1,
Gpx2, Gpx3, Gpx4, Txnrdl, Txnrd2, Diol, Dio2,
Seppl, and Msrbl. Results are summarized in Figs. 1-4.
Plotted points are results of single experiments or,
when >1 experiment in a particular tissue was avail-
able, averages and Sps.

Experiments conducted over a prolonged period of time
(=1 mo)

Gpx4 vs. overall Gpx activity (primarily Gpxl) Figure 1
(82, 115, 116, 118-120, 123-126, 144) illustrates the
greater resistance of the essential SP Gpx4 compared
with overall Gpx activity (primarily Gpxl) after both
modest and severe Se deficiency in all rodent tissues
examined: liver, kidney, thyroid, muscle, heart, lung,
and testis. Despite the fact that the quantitative mea-
sures we used to describe sensitivity to deficiency are
imprecise, as discussed in Supplemental Material, dif-
ferences between Gpx4 and overall Gpx activity are
significant in almost all cases where statistical compar-
isons were possible (i.e., where =2 experiments were
available): modest deficiency (liver, P=0.033; heart,
P=0.024); severe deficiency (liver, P=0.0001; kidney,
P=0.0007; lung, P=0.045). The striking resistance of
Gpx4 to severe Se deficiency compared with nonessen-
tial Gpx activity is highlighted by the observation that in
liver the loss of Gpx4 activity on severe Se deficiency
lasting for 28 d (116, 118, 124) or 1 yr (115) was
approximately the same.

Txnrdl vs. Gpx4 and overall Gpx activity Figure 2 (82,
117, 118, 124, 135, 137, 140, 142, 145, 147, 148) paints
a somewhat different picture for Txnrdl, which, as
discussed above, is essential if its loss occurs during
development but is of uncertain essentiality if loss
occurs postnatally. Txnrdl is similar to Gpx4 in being
clearly more resistant to modest Se deficiency in rodent
liver compared with Gpxl1 (Fig. 2A4). In contrast, after
very severe Se deficiency (basal diets <0.01 pg Se/g),
Txnrdl is no longer as resistant as Gpx4 in liver (Gpx4
vs. Txnrdl, P<0.01) but appears still somewhat more
resistant than Gpx1 (Gpxl vs. Txnrdl, P=0.052). When
basal diets used were of intermediate severity, Txnrdl
was still only modestly more resistant (P=0.052) than
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Sensitivity of Gpx4 and Gpx
to Modest and Severe Se Deficiency
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Figure 1. Sensitivity of Gpx4 and overall Gpx activities to
modest and severe Se deficiency in multiple tissues. Essential
SPs are represented by squares and nonessential SPs by
circles: blue squares, Gpx4; red circles, overall Gpx activity
(see text). When >1 experimental result was available in a
given tissue, means * sp are plotted. Within a given tissue,
means that do not share a common letter (a, b) are signifi-
cantly different (P<0.05). Points plotted without sps repre-
sent results of single experiments. Citations from which
results were retrieved are as noted. Results from Lei et al.
(116) were not plotted because Gpx4 and Gpxl were not
separated before assay (see text). A) Modest deficiency: liver
(P=0.033; refs. 82, 115, 116, 118, 120, 124); kidney (P=0.31;
refs. 115, 116, 118); thyroid (120); muscle (118); heart
(P=0.024; refs. 116, 120); lung (116); testis (119). B) Severe
deficiency: liver (P<<0.0001; refs. 82, 115, 116, 118, 120,
123-126); kidney (P=0.0007; refs. 115, 116, 118, 126); thyroid
(120); muscle (118); heart (P=0.19; refs. 116, 120, 126); lung
(P=0.045; refs. 116, 126); testis (119); brain (144).

Gpx1 (>0.01 pg Se/g), as shown in the second plotted
point in Fig. 2B. Only a limited number of studies were
available for each of 3 other tissues (kidney, brain, and
intestine) that compared Txnrdl to overall Gpx activ-
ity. Furthermore, basal diets of each pair of studies were
not of the same degree of severity, precluding a mean-
ingful statistical test.

Diol or Dio2vs. Gpx4 and overall Gpx activity Figure 3
(120, 121, 143, 144, 146) illustrates the unusual re-
sponse to severe Se deficiency of the nonessential
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Sensitivity of Txnrd to Modest and Severe Selenium Deficiency
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I Gpx, P=0.39; refs. 117, 145, 148); intestine
(P=n.s.; refs. 137, 147).
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deiodinase Diol in the thyroid. Diol was of intermedi-
ate sensitivity in the liver (120, 121, 143, 146) compared
with Gpx4 (Gpx4 vs. Diol, P<0.01) and Gpx activities
(Diol wvs. Gpx, P<0.01) but was at least as resistant to
severe deficiency as Gpx4 in the thyroid (Diol vs. Gpx4,
P=0.34; refs. 120, 143, 146). Results were similar in the
only study that examined responses of Diol to modest
Se deficiency (120). Diol may also be more protected
relative to Gpx4 after severe Se deficiency in the
pituitary (144). Dio2 was below the detection limit in
both Se-deficient and replete animals in the pituitary
(144).

Seppl vs. Gpx3 Figure 4 (117, 129-134, 136) illus-
trates the comparative sensitivities to Se deficiency of
Seppl and Gpx3 in plasma from rodents and humans.
As predicted, Seppl is more resistant than Gpx3 to
both modest and severe Se deficiency in rodents.
Despite the severe loss of both Seppl and Gpx3, the
difference in percentage loss between Seppl and Gpx3
across the 4 rodent experiments in Fig. 4 is significant
(P=0.0056). Results also suggest there could be a
species difference between rats and humans in the
relative sensitivities of these 2 SPs to both modest and
more severe Se deficiency. In all human experiments
shown, Gpx3 is more resistant to Se deficiency than
Seppl. Differences in percentage loss of Seppl and

Kidney =~ Heart ~ Aorta  Brain

" Intestine

Gpx3 across the 4 human studies plotted are not
significant, due to the fact that basal Se intakes were
quite different among the human studies [10 pg Se/d
(132), =28 ng Se/d (131), and =40 png/d (133, 134)].
The severity of deficiency was considerably greater in
the rodent experiments than in the human studies
[>95% reduction in rodents compared with a replete
diet and 50-75% reduction below recommended in-
takes (e.g., refs. 149, 150) in the human studies],
explaining the greater loss of both proteins on severe
deficiency in rodents.

Gpx2 Averaged effects of severe (0.002 ug Se/g; ref.
147) and moderately severe (0.086 pg Se/g; ref. 137)
Se deficiency on overall Gpx activity in the mouse
intestine compared with Txnrdl are shown in Fig. 2B,
suggesting similar sensitivities to deficiency of overall
Gpx activity and Txnrdl. These results suggest that
overall Gpx activity in the intestine is somewhat more
resistant to Se deficiency than in the liver. In vivo
evidence that this greater resistance is due to Gpx2 was
presented by Brigelius-Flohe et al. (32), who showed
that Gpx2 protein was synthesized much more rapidly
than Gpxl after resupplementation of severely Se-
deficient rats. However, in the same study (32), both
Gpx2 and Gpx1 were only marginally synthesized in the
rodent duodenum and ileum after at least 13 wk of Se

o Dio1 and Dio2, Severe Deficiency HGpx4 @ Gpx ODiol @Dio2
160 Figure 3. Sensitivity of Diol and or Dio2 com-
pared with Gpx4 and overall Gpx activity to
10 severe Se deficiency in multiple tissues. Blue
120 ba squares, Gpx4; red circles, overall Gpx activity;
100 | white circles, Diol; green dotted circles, Dio2;
b o BAT, brown adipose tissue (144). See Fig. 1 for
80 3 8 m additional explanation. Liver (Gpx4 vs. Diol/2,
60 m ° P=0.0022; Diol/2 vs. Gpx, P=0.0066; refs. 120,
9’ b 121, 143, 146); thyroid (Gpx4 vs. Diol/2, P=0.34;
40 Gpx4 vs. Gpx, P=0.015; Diol/2 vs. Gpx, P=0.039;
2 Ha refs. 120, 143, 146); brain (144); pituitary (Dio2
3b (©) ® below detection limits; ref 144).
0 & ; ;
Liver Thyroid Brain Pituitary BAT
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Sensitivity of Sepp1 and Gpx3 to Modest and Severe Se Deficiency

Figure 4. Sensitivity of plasma Seppl com-

pared with Gpx3 in rodents and humans B severe

100

@ Sepp1 @ Gpx3

consuming diets variously deficient in Se.

Yellow squares, Seppl; green circles Gpx3. 97

a A Modest ()

-

A) Modest deficiency. Left panel: rodents

(136). Right panel: humans (Seppl vs. Gpx3, 80| o0

p=0.16 ¢ o

P=0.16). Left to right: Xia et al. (selenome- 704 ®
thionine diet; ref. 132) and Xia et al. (selenite

= p=013

diet; ref. 132). B) Severe deficiency. Left 8071

panel: rodents, very severe deficiency (Seppl 501

vs. Gpx3, P=0.0056; left to right: refs. 117,

129, 130, 136). Right panel: humans; lane 1, 40|

% (basal/replete)

Rodents

Humans

relatively severe deficiency (Seppl vs. Gpx3,

P=0.038; selenomethionine and selenite; ref. %

=]
p=0.038

132); relatively less severe deficiency, lanes 20
2-4 (Seppl wvs. Gpx3, P=0.13; left to right:

p =0.0056

10 =

refs. 131, 133, 134). See text for further °

explanation.

deficiency (32), suggesting similar sensitivities of both
of these nonessential SPs to prolonged severe Se defi-
ciency.

Msrbl Msrbl activity was compared with Gpx1 and
Txnrdl in mouse liver under Se-deficient and replete
conditions (140, 141). Percentage activities (basal/
replete) were as follows: Novoselov et al. (141): Msrbl
(10%), Gpx1 (9.8%); and Uthus and Moskovitz (140):
Msrbl (13%), Gpx1 (1.9%), Txnrd1 (35%); suggesting
that Msrbl is sensitive to severe Se deficiency, falling
somewhere between Gpxl and Txnrdl. No experi-
ments were identified that examined the sensitivity of
Msrbl to modest Se deficiency. Protein concentrations
of Msrbl in replete and severely deficient mice were

also measured in kidney and brain but were not com-
pared with other SPs (140).

Short-term effects of Se deficiency or resupplementation

These experiments (117, 126, 130, 131, 133, 134, 136,
138, 139, 146) are highly varied in experimental design,
ranging from intraperitoneal injection of Se-deficient
rodents (117, 130, 146) to human Se-supplementation
trials in Se-deficient areas of China (133, 134, 138, 139)
or New Zealand (131).

Most results are consistent with the prediction that
essential SPs decrease more slowly on initiation of Se
deficiency and increase more rapidly on Se resupple-
mentation than nonessential SPs. For example, the
essential SP Gpx4 decreased more slowly than overall
Gpx activity in the mouse liver, heart, and kidney
(although not in the lung) after initiating Se deficiency
(126), and it increased more rapidly after Se resupple-
mentation in the only tissues examined, the liver and
thyroid (146). Also, the essential SP Txnrd1 responded
more quickly to resupplementation than Gpxl1 in rat
liver (117). Only 1 rat experiment compared the rate of
loss of Seppl and Gpx3 after initiation of Se deficiency,
and results suggested that both proteins rapidly de-
clined (136). However, Seppl responded more quickly
to Se resupplementation after intraperitoneal injection
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in rodents (117) and after Se supplementation in all
human trials of Se-deficient subjects (131, 133, 134,
138, 139).

Summary

The prediction that essential SPs are more resistant
than nonessential SPs to Se deficiency was borne out
in all tissues where direct comparisons between es-
sential and nonessential SPs were possible, except the
thyroid. The resistance of the activity of Diol in the
thyroid to Se deficiency (Fig. 3) is inconsistent with
the prediction of the triage theory based on the
nonlethality of its KO. This reaction to Se deficiency
suggests that Diol could be conditionally essential
(see Discussion). It is difficult to evaluate Gpx2
because its sensitivity to modest Se deficiency has not
been determined, and it has not been directly com-
pared with an essential SP. Evidence comparing
Gpx2 and Gpx1 (both nonessential) protein concen-
trations in the intestine is somewhat conflicting.
Gpx2 protein increased much more rapidly than
Gpxl1 in the intestine on Se resupplementation of
severely deficient rodents (32), but in the same study,
both enzymes were only marginally synthesized on
severe Se deficiency.

Predictions 2 and 3: does decreased functionality of
nonessential SPs increase risk of diseases of aging,
and is there evidence of a causal relationship?

The triage theory predicts that decreased functionality
of nonessential SPs due to modest Se deficiency will
have insidious consequences that over the long term
will increase the risk of diseases associated with aging. It
is extremely difficult, if not impossible, to test this
prediction directly in long-term randomized controlled
trials, as we have discussed (151). This section draws on
prospective epidemiological studies and other genetic
and mechanistic evidence to ask whether the same
diseases or conditions of aging that are prospectively
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associated with modest Se deficiency are also linked to
phenotypes of nonessential SP mouse KOs or human
mutants, and whether plausible mechanisms suggest a
causal connection between these same SPs and dis-
eases. Cross-sectional epidemiological studies are not
emphasized because, as we (3) and others (e.g, ref.
152) have discussed, it is often not clear how to make
inferences about predisease conditions from ongoing
pathology where normal cell biology is perturbed.
Examples are Txnrdl (153, 154), Gpx2 (79), and other
glutathione-metabolizing enzymes (155), which are
protective before the initiation of cancer but tumor
promoting after initiation.

The same age-related diseases are linked epidemiologically to
modest Se deficiency and to phenotypes of mouse KOs and
human polymorphisms of nonessential SPs

Table 2 (14, 26, 33, 34, 71, 76, 79, 112, 113, 147, 152,
156—-231) illustrates that some human diseases and
age-related conditions are prospectively associated with
modest Se deficiency and that characteristics of these
diseases also describe phenotypes of some mouse KOs
and other rodent and human genetic variants of non-
essential SPs. Diseases linked only to severe Se defi-
ciency, such as Keshan and Kashin-Beck diseases, are
included in Table 2 in italics. Replicated prospective
results report associations between relatively modest Se
deficiency and increased mortality (158-160), cancer
(166, 167, 169), DNA damage (171-173), heart disease
(175, 180-182), and reduced resistance to infection
(190, 191). The relationship between Se availability and
type 2 diabetes is complex and is considered further in
Discussion.

Similarities are striking between these diseases and
phenotypes of nonessential SP mouse KOs or human
polymorphisms. Note that almost all nonessential SP
KOs, SNPs, or other genetic variants are linked to >1
Se-deficiency-associated disease or condition: Dio2 to
osteoarthritis (178, 200), bone mineral density (201) or
bone fracture (198), emotional and intellectual mental
status (205-207), and possibly hypertension and insulin
resistance (178, 216); Gpxl to increased senescence
(156, 157), cancer (26, 163, 164), DNA damage (170),
heart disease (174, 175), resistance to infection (186,
187), and sensitivity to neurotoxicity (175, 204); Gpx2
to cancer (33, 79) and reduced resistance to antigen-
induced airway inflammation (34); and Gpx3 to cancer
(164, 165), stroke (176), and cerebral venous throm-
bosis (177). Note that all 3 nonessential glutathione
peroxidases are linked to cancer.

Space does not permit a detailed discussion of the
strengths and weaknesses of evidence cited in Table 2.
Certainly, the evidence is of varying quality and consis-
tency. For this reason, more weight was given to evi-
dence reported in >1 study. Expert reviews discussing
some of this evidence are highlighted in Table 2, and
some additional information has been included in the
table footnotes. The intent of Table 2 is not to imply
that relationships are necessarily fully established
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or that causal linkages have been clearly demonstrated
but to point out that the large body of evidence linking
genetic loss of nonessential SP activities to phenotypes
similar to those of diseases or conditions of aging
associated with modest Se deficiency adds credibility to
the dietary Se epidemiological results and suggests that
causal linkages between dysfunction of nonessential SPs
and diseases of aging is possible. Plausible mechanisms
linking nonessential SPs to these diseases are consid-
ered in Discussion.

Essential SP SNPs are also linked to diseases of aging

SNPs in a number of SPs classified as essential are also
linked to age-related diseases [e.g., Gpx4 to colorectal
(232, 233) and breast (234) cancer; Dio3 to osteoarthri-
tis (235); Txnrd]l to colorectal cancer (236) and famil-
ial ALS (237); and Seppl to prostate (163, 238) and
colorectal (233, 236) cancer], as are some other SPs for
which mouse KOs have not yet been described (e.g.,
SelS and Sel 15-kDa to colorectal cancer; ref. 239).
Such linkages are not inconsistent with the triage
theory, which predicts only that modest Se deficiency is
more likely to impair nonessential SPs than essential
SPs. It is also important to point out that causal factors
other than genetic and nutritional may also interfere
with the functionality of some SPs leading to disease,
such as impairment of Seppl synthesis in the colon due
to proinflammatory cytokines, possibly increasing the
risk of inflammatory mediated colorectal cancer (240).
For broader discussion of relationships between Se,
SPs, and disease the reader is referred to many excel-
lent reviews (8, 9, 19, 21, 79, 152, 154, 169, 175, 184,
187, 241-247).

DISCUSSION

The triage theory, grounded in a major evolutionary
theory of aging (4), proposes an explanation for why
modest V/M deficiencies may increase risk of diseases
associated with aging (1-3). In this review, 2 predic-
tions of the theory were tested against published evi-
dence for 5 essential (Gpx4, Dio3, Txnrdl, Txnrd2,
and Seppl) and 7 nonessential (Gpxl, Gpx2, Gpx3,
Diol, Dio2, Msrbl, and SeIN) SPs, categorized based
primarily on their mouse KO phenotypes (Table 1).
Results of the analysis are largely supportive of the
theory, suggesting that, among all SPs, dysfunction of
those that are nonessential is likely to be the major
contributor to increased disease risk due to Se defi-
ciency. Strengths and weaknesses of the analysis are
discussed below.

Prediction 1: are essential SPs more resistant than
nonessential SPs to Se deficiency?

This prediction was largely borne out, except for Diol

in the thyroid (discussed separately below). The analy-
sis was focused only on in vivo studies that directly
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TABLE 2. Selenium deficiency and genetic impairment of nonessential SPs are linked to the same set of diseases or conditions associated

with aging

Genetic loss

Mice®

Humans

Dietary loss of Se (humans, except as
indicated)“

Aging/mortality

Gpx1 KO: increased senescence
(156, 157)

Cancer

Increased mortality (158-160)

Gpx2 KO: increased sensitivity to
UV-induced croton oil-promoted
SCC (33, 79-R)¢

Gpx1/Gpx2 DKO: sensitive to
microflora-associated intestinal
cancer (161)

I°A transgenic mice: Increased
sensitivity to chemically induced
precancerous lesions in the colon
(147) and to prostate cancer in a
cancer-prone mouse transgenic
line (162)¢

DNA damage

Gpx1 SNP: prostate cancer (163);
various cancers (26-R, 164-R)

Gpx1 LOH: various cancers (164-R)

Gpx3 HYP: Barrett’s esophagus, a
precancerous condition (164-R, 165)

Increased cancer risk (166, 167,
169-R)

Gpx1 KD: increased UV-induced
micronuclei (170)°

Heart-related

Increased DNA damage (Se status
correlations; refs. 171-R-173-R)

Gpx1 HET: heart abnormalities
(174, 175-R)

Immune-related

Gpx3 SNP: arterial ischemic stroke
(176) and CVT (177)”

Dio2 SNP: mixed results on
hypertension (178-R)

Diol SNPs: decreased circulating
concentrations of the active thyroid
hormone T, (179-R, 178-R)#

Increased risk of heart disease
(180), hypertension (181), or
mortality in SAP and ACS patients
(175-R, 182-R)

Increased risk of cardiovascular
events in heart disease patients
(RBC Gpx1 activity; refs. 183,
184-R)

Keshan disease (a cardiomyopathy;
ref. 185-R)

Gpxl KO: increased virally induced
myocarditis (186, 187-R)

Gpx2 KO: increased sensitivity to
antigen-induced airway
inflammation (34)

Selenocysteine tRNA targeted KO in
T cells: impaired T-cell, but
normal macrophage, function
(188)”

SelK KO: immune cell defects (189)

Muscle-related

Reduced resistance to infection
(primarily viral; humans: refs. 190,
191-R; mice: ref. 192)

Agent-dependent reduced innate and
adaptive immune responses (humans:

ref. 191-R; mice: refs. 193, 194)

Bone-related

Diol SNP: age-related muscle
weakness (195)

SeIN HOMO: myopathy related to
muscular dystrophy (76-R, 112, 113)

Muscle weakness/muscular dystrophy-like
symptoms (196-R, 197-R)

Dio2 KO: increased sensitivity to
bone fracture (198)

Selenocysteine tRNA targeted KO in
osteo-chondroprogenitor cells:
phenotype similar to Kashin-Beck
disease (199)

Dio2 SNP: osteoarthritis (178-R, 200);
bone mineral density (201)
Gpx1 SNP: Kashin-Beck disease (202)

Kashin-Beck disease (an
osteoarthropathy; ref. 203)

(continued on next page)
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TABLE 2. (continued)

Genetic loss

Dietary loss of Se (humans, except as

Mice® Humans indicated)“

Brain-related

Gpx1 KO: increased sensitivity to
damage in a Parkinson’s model
(175-R, 204)°

Dio2 SNP: mental retardation (plus
iodine deficiency; ref. 205)

Dio2: psychological well being (206,
207-R)

Poor cognitive function; association
in a longitudinal study (208), and
a dose-dependent association in a
cross-sectional study (209)

Mental retardation (Myxedematous
cretinism) with combined iodine and

Se deficiency (210-R)

Diabetes-related

Humans: mixed results on
dysglycemia (212) and type 2
diabetes (213) in 2 prospective
studies’

Rodents: increased insulin sensitivity
from severe dietary Se deficiency
(214, 215)

Dio2 SNP: insulin resistance, mixed
results (178-R); type-2 diabetes (216)

Gpx1 KO: less fat-induced insulin
resistance (211)

Gpxl overexpression: increased
insulin resistance (217, 218)

Seppl knockdown: increased insulin
sensitivity (219)

Overexpression of I°’A™ mutant
selenocysteine tRNA: glucose
intolerance and diabetes-like
phenotype (220)

ACS, acute coronary syndrome; CVT, cerebral venous thrombosis; DKO, double knockout; ESC, esophageal squamous cell carcinoma; GCA,
gastric cardia adenocarcinoma; Het, heterozygote; HYP, hypermethylation; KD, knockdown; KO, knockout; LOH, loss of heterozygosity; R,
review; SAP, stable angina pectoris; SCC, squamous cell carcinoma; Se, selenium; SNP, single nucleotide polymorphism. “Prospective studies are
cited unless otherwise indicated. Associations with severe Se deficiency are indicated in italics. Studies that reported associations with plasma
biomarkers of modest Se deficiency are indicated. “Msrb1 is not included in the table, but increased oxidative stress in KOs (71, 14, 152) suggests
that increased risk for stress-induced diseases in Msrbl SNPs, when identified, would not be surprising. ‘Several human Gpx2 polymorphisms
have been identified (221-223), but no associations were reported in the only study of which we are aware that compared the frequency of Gpx2
polymorphisms in cancer patients and healthy controls (223). “I°A transgenic mice lack a modified form of selenocysteine transfer RNA
required by several nonessential SPs, including Gpx1, Gpx3, and Msrbl, for their synthesis (224). ‘Overexpression of Gpx1 (by transfection)
increased resistance to UV-induced micronuclei (225). /In 3 of 4 families with familial childhood stroke, plasma Gpx3 activity was reduced by
~50% in family members examined who had experienced a stroke but not in family members who had not (226), providing additional evidence
pointing to an involvement of Gpx3. ®Relatively small variations in T3 are known to be linked to various age-related conditions, including
atherosclerosis and decreased BMD (179). “This KO results in loss of all SPs, both essential and nonessential. In the same model, mice
overexpressing Gpx1 had reduced sensitivity to damage (227). /As explained in the text, results of Se supplementation trials using high doses
of Se (e.g., refs. 228, 229) and cross-sectional studies (e.g., refs. 230, 231) are not included in the table. Se and diabetes are considered further

in Discussion.

compared nonessential and essential SP activities or
concentrations. Results are illustrated in Figs. 1-4. As
widely observed, the essential SP Gpx4 is clearly more
resistant to prolonged Se deficiency (both modest and
severe) than all other SPs to which it has been com-
pared (82, 115, 116, 118-120, 123-126, 144) (with the
exception of Diol in the thyroid; refs. 120, 143, 146),
whereas the nonessential SP Gpx1 is most sensitive to
Se deficiency in all tissues (82, 115, 116, 118-120,
123-126, 144) (Figs. 1-3). Txnrdl, essential prenatally
but possibly less so postnatally (see Results), appears to
be similar to Gpx4 in resistance to prolonged modest
Se deficiency in the liver but more similar in sensi-
tivity to Gpx1 on severe deficiency in the liver (82,
118, 124). Additional results for Txnrdl are pre-
sented in Fig. 2.

In rodent plasma, Seppl is more resistant than its
nonessential counterpart Gpx3 (117, 129, 130, 136),
although the reverse appears to be the case in humans
(131-134) (Fig. 4). Additional evidence that Seppl is
more sensitive to modest Se deficiency than Gpx3 in
humans includes a recent study comparing these 2 SPs

ADAPTIVE DYSFUNCTION OF SELENOPROTEINS

in vegetarians (believed to be modestly Se deficient)
and omnivores (believed to be Se replete), in which
Gpx3 and serum Se were similar in both groups, but
Seppl was lower in vegetarians (248). Since the classi-
fication of essentiality of Seppl was based on severely
reduced male fertility in mouse KOs (67-69), it re-
mains to be seen whether a similar classification of
essentiality would apply to humans. It would be of
interest to determine whether any known Seppl SNPs
(163, 249) are associated with reduced fertility in
humans. To our knowledge, possible differences be-
tween rodents and humans in the relative sensitivities of
Seppl and Gpx3 in plasma have not heretofore been
pointed out and should be examined further.

Limited information on the sensitivities of Msrbl and
Dio2 enzyme activities to modest or severe Se deficiency
suggests that both are relatively sensitive to severe Se
deficiency [Msrbl in liver (140, 141) and Dio2 in the
brain (144); see Results: Prediction 1 and Fig. 3]. It is
difficult to evaluate Gpx2 within the defined framework
of this analysis because its sensitivity to modest Se
deficiency has not been determined, and it has not
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been directly compared with an essential SP (refs. 32,
137, 147; see text for further discussion).

Why is the nonessential SP Diol resistant to Se deficiency in
the thyroid?

The relative resistance to Se deficiency of Diol in the
thyroid (refs. 120, 143, 146; Fig. 3) appears inconsistent
with predictions of the triage theory based on its
classification as nonessential (58, 61). We suggest that
this apparent inconsistency is because Diol may be an
example of a conditionally essential SP, one that is
nonessential when Se intake is adequate but becomes
conditionally essential in the thyroid on Se deficiency.
Evidence supporting this possibility is briefly summa-
rized below.

Under normal dietary conditions, the liver is the
primary source of plasma Ty (the active thyroid hor-
mone) due to hepatic deiodination of T, by Diol,
which also contributes to normal Ty output from the
thyroid in rodents and humans (250, 251). On Se
deficiency, the primary source of plasma Ty shifts from
the liver to the thyroid, at least in rats (110), and there
is an increase in Diol thyroidal activity (250), with the
result that plasma concentrations of Ty are roughly
maintained despite the significant reduction in Diol
activity in the liver (refs. 120, 121, 143, 146; Fig. 3). For
further discussion, see several reviews (38, 57, 61, 250).

It is not obvious, however, why Diol should become
essential in the thyroid on Se deficiency since the
thyroid compensates remarkably well for the complete
loss of Diol and Dio2 in double-KO mice by increasing
Tg-mediated de novo synthesis of Ty (58, 60, 61). It is
suggested that the additional requirement for Diol on
Se deficiency may be due to the different stress profiles
presented to the thyroid by genetic loss of Diol/2 in
mouse KOs and Se deficiency. In Diol/Dio2 KOs, one
or both of these enzymes are absent. On Se deficiency,
in addition to the depression of both Diol and Dio2
(uniquely capable of generating T5 from T,) in ex-
trathyroidal tissues (Fig. 3; refs. 120, 121, 143, 144,
146), Gpx activity in the thyroid is also significantly
depressed (Fig. 3; refs. 120, 143, 146). This depression
leads to increased HyO, in the thyroid (252) and to
increased apoptosis (250, 253). Since HyO, is the
rate-limiting step in Tg-mediated T,/Tg synthesis
(254), its increase could be the trigger leading to
increased thyroidal T,/T3 production on Se deficiency,
as suggested by Golstein et al. (255) >20 yr ago.
Perhaps Diol is required to maintain an appropriate
T,/T5 balance under these conditions. Diol increases
in the thyroid on iodine deficiency as well, presumably
also contributing to increased output of Ty (61).

Further experiments are required to fully under-
stand the different mechanisms whereby the thyroid
maintains homeostasis in Diol/Dio2 KOs and on Se
deficiency and to determine whether Diol is essential
for homeostasis on Se deficiency. It would be of interest
to test whether Diol KOs are able to maintain thyroid
hormone homeostasis on Se deficiency. If Diol is

1804 Vol. 25 June 2011

The FASEB Journal - www.fasebj.org

conditionally essential on Se deficiency, the prediction
would be that they would not be able to do so.

Mechanisms used to protect essential SPs; comparison to
vitK-dependent proteins

Homeostatic mechanisms used by the body to protect
essential SPs and vitK-dependent proteins against defi-
ciency are quite different, though both appear to take
advantage of the fact that the liver is among the first
organs to receive V/Ms. The liver is the first organ to
receive water-soluble V/Ms (such as dietary forms of
Se) wia the portal vein. Lipid-soluble V/Ms (such as
vitK) are in chylomicrons, which enter the left subcla-
vian vein through the thoracic duct from the lymphatic
system, then pass through the lung and heart, and then
to the liver (256). The solution found by evolution to
preferentially protect essential vitK-dependent proteins
appears to be relatively simple, at least as compared
with Se. All essential vitK-dependent proteins are pre-
dominantly synthesized and activated by vitK in the
liver, and all nonessential VitK-dependent proteins are
synthesized and activated in extrahepatic tissues, as we
previously discussed (3). This separation sets up a
dichotomy that takes advantage of the preferential
distribution of the primary dietary form of vitK (phyl-
loquinone) to the liver to preserve essential function
(coagulation) when vitK is limiting.

Mechanisms responsible for preferentially protecting
SPs are much more complicated than for vitK and have
been discussed in many reviews (10, 18, 78, 82, 88-95,
257, 258). Unlike vitK-dependent proteins, both essen-
tial and nonessential SPs are synthesized in many tissues
throughout the body, those high in the first layer of
hierarchies (brain, testis, and endocrine organs) and
all others as well. Therefore, a dual strategy is required:
to preferentially direct Se to preferred organs and to
preferentially protect essential SPs within individual
cells in all tissues (second layer of hierarchies). Below,
mechanisms currently considered to be involved in
maintaining the first and second level of SP hierarchies
are briefly summarized.

First layer of hierarchies The liver plays an important
role in distributing Se to preferred tissues and protect-
ing it in those tissues against deficiency. The final step
in the metabolism of the major dietary form of Se
(selenomethionine) to selenide, the species utilized in
the biosynthesis of all SPs, primarily occurs in the liver,
at least in mice (259). So does the synthesis of Seppl,
which contains many more selenocysteine residues
than any other SP (10 residues in rodents and humans)
(66, 95). Seppl helps maintain the first layer of hierar-
chies by distributing Se efficiently to preferred organs,
particularly the testis and brain (80, 260). The supply of
Se to the brain and testis may also be reinforced by the
additional synthesis of Seppl in these organs, which may
function as a Se reservoir in those tissues in times of Se
scarcity, as recently reviewed (78).

Second layer of hierarchies The second layer of SP
hierarchies is managed during translation of SP mRNAs
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by the interaction of several incompletely understood
mechanisms (10, 12, 78, 90, 257, 261-263). For the
most part, these mechanisms favor the translation of
essential over nonessential SP mRNAs. For example,
several protein factors required for translation of SP
mRNAs, including SBP2 (90, 92, 264), eukaryotic initi-
ation factor 4a isoform 3 (elF4a3), sensitive to Se status
(262), and possibly nucleolin (90, 263), all discriminate
in binding affinity between different SP mRNAs, usually
such that translation of essential SP RNAs is favored.
Structural characteristics of specific SECIS elements,
required for reinterpretation of the UGA termination
codon as selenocysteine, also modulate translation effi-
ciency in favor of essential SPs (9, 92, 265, 266).

A critical mechanism appears to involve the require-
ment of a special methylated form of Sec tRNA!Ser1Sec)
termed Um34, for translation of most nonessential SP
mRNAs, whereas most essential SP mRNAs are trans-
lated using the non-Um34 form (10, 11, 18, 93, 224,
267, 268). Since methylation, the final step in the
biosynthesis of Um34, is impaired by Se deficiency (11),
unavailability of Um34 leaves nonessential mRNAs ex-
posed to increased nonsense-mediated decay (NMD;
refs. 10, 82, 258, 269), a general mechanism used by
cells to remove incompletely translated mRNAs (270).

It is of great interest relative to this review that the
comparative sensitivities of SP mRNAs to NMD induced
in cells lacking Um34 (see Table 2 in Hatfield et al.; ref.
10) largely parallel the relative resistance to Se defi-
ciency of the activities or concentrations of the sub-
group of essential and nonessential SPs reviewed here.
Specifically, mRNAs of the essential SPs Gpx4, Txnrdl,
and Seppl are more resistant to NMD than mRNAs of
the nonessential SPs Gpxl, Gpx3, Msrbl, and Gpx2
(10). Interestingly, the relative resistance to NMD of
Diol mRNA also parallels the resistance of Diol activity
to Se deficiency in the thyroid (Fig. 3).

Predictions 2 and 3: does decreased functionality
of nonessential SPs increase risk of diseases of
aging, and is there evidence of a causal
relationship?

These predictions were also largely supported by evi-
dence that age-related diseases or conditions prospec-
tively associated with modest Se deficiency are similar to
rodent and human phenotypes resulting from partial
or complete genetic loss of nonessential SPs (Table 2).
For example, numerous epidemiological studies sug-
gest that Se deficiency is prospectively linked to in-
creased cancer risk (166, 168, 169), and various mu-
tants in mice (33, 79, 161) and humans (26, 163-165)
are also linked to increased cancer risk. Other diseases
or conditions prospectively associated with modest Se
deficiency that are similar to nonessential SP mutant
phenotypes (see Table 2 for citations on mutant phe-
notypes) include increased DNA damage (171-173),
increased cardiovascular disease and related conditions
(175, 180-182), reduced resistance to infection (pri-
marily viral; refs. 190, 191), and poor cognitive function
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(208). The similar disease-related nonessential SP mu-
tant phenotypes [DNA damage (170); cancer (26, 33,
79, 147, 161-165); cardiovascular-related (174-179);
infection-related (34, 186—189); and brain-related (175,
204—207)] strengthen the epidemiological associations
linking Se deficiency to these diseases and conditions and
suggest that loss of function of nonessential SPs resulting
from modest Se deficiency could conceivably be a disease
risk factor. This conclusion is strengthened by evidence
pointing to several plausible mechanisms, discussed
briefly below.

Mechanistic linkages between nonessential SPs and disease

Mechanistic linkages between nonessential SPs and
disease have not been fully elucidated, but evidence
points to a variety of plausible mechanisms, as discussed
in numerous reviews (8, 22, 79, 175, 184, 241, 271).
Several examples are briefly summarized below.

Gpxl may protect against peroxide-mediated DNA
damage possibly leading to cancer not only by direct
inactivation of mutagenic oxidants, but by induction of
GADD45, which is known to be involved in the regula-
tion of DNA repair (164, 170).

Gpx2 is the only Gpx known to be induced by Nrf2
(272, 273). It was formerly thought to be expressed only
in the intestine but is now known to be expressed in
other epithelial cells as well, such as in the lung (33,
34). The anti-inflammatory properties of Gpx2 have
been demonstrated (274), and it was recently suggested
that Gpx2 may protect against inflammatory-induced
cancer through a mechanism whereby its removal of
hydrogen peroxides in the endoplasmic reticulum (re-
quired for COX-2 activity) prevents the subsequent
release of high concentrations of prostaglandin E2 (35,
79). It seems reasonable that a similar mechanism
could be involved in the increased sensitivity to antigen-
induced inflammation reported in Gpx2-KO mice (34).

Gpx3 is strongly induced by inhibition of protea-
somes in endothelial cells (275), which are responsible
for degrading oxidized proteins. Destruction of oxi-
dants by induced Gpx3 may protect against cardiovas-
cular disease by preserving nitric oxide, which plays an
important role in cardiovascular function, and also by
preventing the oxidation of fibrinogen, known to pro-
mote fibrin thrombus formation (177).

Dio2 is linked to an array of diseases or conditions,
including osteoarthritis and other bone-related condi-
tions (178, 198, 200, 201), cognitive dysfunction (205—
207), and symptoms of type-2 diabetes (178, 216)
(Table 2). The importance of tissue-specific expression
of Dio2 in ensuring a proper balance of T, and Tj in
various peripheral tissues for normal function is now
well established (57, 276) and provides a general ratio-
nale for why a broad spectrum of effects might result
from reduced Dio2 activity. For example, normal bone
development and function requires maintaining a
proper T,/Tg ratio, in which bone-specific expression
of Dio2 plays an important part (277). In muscle,
glucose uptake is mediated by the insulin-sensitive
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glucose transporter 4 (GLUT4), which is upregulated
by Tj, which in turn is regulated by muscle-specific
expression of Dio2 (278, 279). This mechanism could
possibly explain the linkage of Dio2 SNPs to type 2
diabetes (216). For further discussion of mechanisms
that link SPs to disease, see several recent reviews (8, 22,
47,79, 164, 175).

Se, insulin resistance, and type 2 diabetes

The degree to which the triage theory is supported by
evidence linking Se and SPs to insulin resistance and
type 2 diabetes is less clear than for the other diseases
and conditions discussed above. Experimental results
are mixed and confusing, as discussed by many experts
(e.g., refs. 175, 220, 247, 250, 280). Predictions of the
triage theory are supported by some results and contra-
dicted by others, as briefly discussed below.

On the one hand, there appears to be consensus that
intakes of Se significantly above recommended levels
(228, 229), or conditions that unusually increase SPs
(such as overexpression of Gpxl1; refs. 217, 218), can
negatively affect glucose metabolism (i.e., increase in-
sulin resistance or type 2 diabetes). Most relevant to the
triage theory prediction, however, is evidence relevant
to effects on insulin resistance or type 2 diabetes of Se
deficiency or reduced SP activity. This evidence is
difficult to interpret. Increases in insulin sensitivity
reported in rodents as a result of severely decreasing
dietary Se (214) or some SPs [Gpx1 (211) or Seppl
(219)] appear to conflict with recent evidence in mice
that severely reducing nonessential SPs increases insu-
lin resistance (220) and that modest Se deficiency in
humans is prospectively associated with dysglycemia
(212). While it is not clear how to interpret these
apparently discrepant results, it is difficult to under-
stand how severe disruption of important antioxidant
functions of SPs could have a positive health effect,
particularly since high levels of oxidative stress are
known to cause insulin resistance (281, 282). Addi-
tional evidence clarifying mechanisms is needed. This is
an active area of research; see several reviews that
discuss possible mechanisms compatible with both pro-
tective and exacerbative roles for Se and SPs in diabetes

(175, 220, 247, 250, 280).
Implications for public health

The fact that Seppl is more sensitive to Se deficiency
than Gpx3 in human plasma, illustrated here in Fig. 4
(131-134), has important implications for estimating
the percentage of the population that is modestly Se
deficient, as previously discussed (132, 149). Since the
current RDA (55 pg/d, roughly corresponding to 100
pg/L plasma Se; ref. 283) is based on the sensitivity of
Gpx3 in plasma (150, 284), Seppl is expected to be at
suboptimal levels, even in some individuals meeting
current Se intake recommendations. Based on these
findings, it recently was suggested that recommended
Se intake levels should be raised from 55 to 75 ng/d
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(132, 149). Higher intakes of almost 100 wg/d were
also reported to optimize Seppl (285), although results
are not inconsistent with Xia et al. (132, 149), since
intermediate intakes between 50 and 100 pg/d were
not examined.

Even using the current RDA as an intake target,
modest Se deficiency is quite widespread, including, for
example, in most of Western Europe (286, 287). Mod-
est Se deficiency is not generally considered to be of
concern among healthy adults in the United States,
where intakes range from 60 to 220 pg/d; only a small
percentage of the population has Se intakes below the
current RDA (288, 289), though Se status declines
somewhat in the healthy elderly (290, 291) and greatly
declines in subjects who are institutionalized or in poor
health (290, 292). If recommended Se intake levels are
raised to 75 wg/d, or perhaps even higher, an in-
creased, but still relatively small, percentage of the U.S.
population would be considered modestly deficient.

CONCLUSIONS

In this review and in our previous analysis of vitK (3),
predictions of the triage theory (1, 2) were largely
borne out. If the theory is generally predictive of how
the body manages modest V/M shortages for the
thousands of V/M-dependent proteins, it has impor-
tant implications for public health. The most obvious
value of the theory is that it provides a rationale for why
a particular class of V/M-dependent proteins (i.e.,
those that are nonessential) may not be fully functional
even at modest levels of V/M deficiency not accompa-
nied by any obvious clinical signs. The value of this
insight is that it suggests a strategy for identifying
sensitive biomarkers of V/M deficiency and candidate
proteins mechanistically linked to disease. An impor-
tant limitation of broadly applying the approach fol-
lowed here is that mouse KOs are not necessarily
reliable predictors of essentiality in humans (e.g., Seppl
in this analysis) because of many species differences,
some known (eg., refs. 293, 294) and some as yet
unknown. The most fruitful strategy is likely to be a
combined approach, one that takes advantage of in-
sights gained from mouse KO phenotypes (and human
homozygous mutants when available) but that also
employs more direct means to assess protein or mRNA
hierarchies in people (e.g, refs. 9, 295).
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