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Abstract

Dietary selenium (Se) requirements in rats have been based largely upon glutathione peroxidase-1 (Gpx1) enzyme activity
and Gpx1 mRNA levels can also be used to determine Se requirements. The identification of the complete selenoprotein
proteome suggests that we might identify additional useful molecular biomarkers for assessment of Se status. To char-
acterize Se regulation of the entire rat selenoproteome, weanling male rats were fed a Se-deficient diet (<0.01 ug Se/q)
supplemented with graded levels of Se (0-0.8 ug/g diet) for 28 d, Se status was determined by tissue Se concentration
and selenoenzyme activity, and selenoprotein mRNA abundance in liver, kidney, and muscle was determined by quan-
titative real-time-PCR. Tissue Se and selenoenzyme biomarkers indicated that minimal Se requirements were <0.1 ug
Se/g diet for most biomarkers. Liver Gpx1 mRNA also decreased to <10% of Se-adequate levels, with a minimum Se
requirement at 0.07 ug/g diet. Five selenoprotein mRNA in liver, 4 in kidney, and 2 in muscle decreased to <41% of Se-
adequate levels, all with minimum Se requirements at =0.07 ng/g diet; the majority of selenoprotein mRNA in each tissue
were not significantly regulated by Se status, and 1 selenoprotein, selenophosphate synthetase-2, was upregulated in Se-
deficient kidney. Plateau breakpoints for all regulated selenoprotein mRNA were very similar, suggesting that 1 underlying
mechanism is in play in Se regulation of selenoprotein mMRNA. Lastly, we did not find any selenoprotein mRNA that could be

used as biomarkers for super-nutritional/anticarcinogenic levels (up to 0.8 ug Se/g diet) of Se.

J. Nutr. 139: 199-206, 2009.

Introduction

Dietary selenium (Se) requirements for rats were first reported
to be 0.04 ug/g diet based on prevention of liver necrosis (1)
and 0.05 ug Sel/g diet based on maintenance of growth in
weanling rats (2). The discovery that Se is an essential cofactor
for glutathione peroxidase (Gpx)® and that Gpx activity drops
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dramatically in Se deficiency (3) provided a biochemical marker
that was used to establish a dietary requirement of 0.1 ug Se/g
diet in the rapidly growing rat (4,5). Discovery of additional
selenoproteins, such as phospholipid hydroperoxide Gpx (Gpx4),
selenoprotein P (Sepp1), iodothyronine deiodinase (Dio), thio-
redoxin reductase-1 (Txnrd1), selenoprotein W (Sepw1), and
plasma Gpx (Gpx3), provided further biomarkers of Se status
that also indicate that the dietary Se requirements are 0.1 ug
Se/g diet (6-11). The current dietary Se requirements (12) now
cite 0.15 pg Se/g diet as the requirement for growing rats; this
level includes a safety factor and is based in part on prevention of
cataract development in rats fed high-sucrose diets.

Gpx1 mRNA level also drops dramatically in Se deficiency in
rats (13), increases sigmoidally with increasing dietary Se, and
reaches well-defined plateaus (6,14-16), providing a molecular
biology-based biomarker for Se status. Dietary Se requirements
based on hepatic Gpx1 mRNA levels are ~0.05 ug Se/g diet for
both male and female rats, even though female rats have twice
the level of liver Gpx1 mRNA as well as Gpx1 activity
compared with male rats (14). In contrast, Gpx4 mRNA levels
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are not regulated by Se status in rats, eliminating the use of
Gpx4 mRNA as a molecular biomarker for assessing Se
requirements (6). Effects of Se status on mRNA levels for
several other selenoproteins have also been studied, including
Sepp1, Txnrd1, and Diol (6,9,14-17), but these mRNA do not
fall as dramatically as does Gpx1 mRNA in liver and other
tissues; requirements based on these molecular biomarkers are
also near 0.05 ug Se/g diet and are generally less than the levels
required for maximal enzyme activities (16).

Elegant use of the nucleotide (nt) sequences required for Se
incorporation into all selenoproteins led Gladyshev et al. (18) to
identify the complete selenoprotein proteome or selenoproteome
in humans, rodents, and other species. This revealed that rats and
mice have 24 selenoproteins, including 6 that were previously
unidentified. These new selenoproteins and the availability of
mouse commercial microarrays provided us with the tools to
conduct an initial characterization of Se regulation of the
complete selenoproteome in mice (19). We found in mice that
most selenoprotein mRNA were not significantly regulated by
Se status, but that 3 selenoproteins were highly downregulated in
Se deficiency. This in turn suggested that an assessment of Se re-
gulation of the complete selenoproteome in the well-characterized
rat model had the potential to identify useful additional mole-
cular biomarkers for Se status.

The probing of the complete rodent Se regulon has wider
potential implications. High levels of dietary Se have been
implicated in the prevention of cancer in animal models (20,21)
and in humans (22). This anticarcinogenic activity is associated
with dietary Se levels well above that needed for maximum
selenoprotein activity for the well-characterized proteins (20,21),
but this has not been studied for most of the other selenoproteins.
Thus, our hypothesis was that characterization of Se regulation
of the full selenoprotein proteome would identify new potential
molecular biomarkers for Se status and might reveal novel
regulation patterns that are distinct from the well-studied
selenoproteins.

To characterize the complete selenoprotein regulon in rats,
we conducted 2 experiments by feeding graded levels of dietary
Se to young, rapidly growing rats. Our objectives were to expand
the molecular biology biomarkers for Se status to include the full
selenoproteome in the well-characterized rat model, to expand
the selenoprotein regulon analysis to include multiple tissues, and
to use super-nutritional levels of dietary Se in this characteriza-
tion of the selenoprotein regulon.

Methods

Reagents

Molecular biology reagents were purchased from Promega, Invitrogen,
or Sigma. All other chemicals were of molecular biology or reagent
grade.

Animals and diets

Expt. 1. Male weanling rats (n = 32; 21 d old) were obtained from
Holtzman and housed individually in hanging wire-mesh cages. The
basal diet was a Se-deficient torula-yeast diet (0.007 ug Se/g by analysis),
supplemented with 100 mg/kg of all-rac-a-tocopherol acetate to ensure
prevention of liver necrosis, and supplemented with 0.4% L-methionine
to ensure adequate growth, as described previously (14,16). Rats were
allocated randomly to dietary treatments and fed the basal diet sup-
plemented with graded levels of Se (0, 0.02, 0.05, 0.075, 0.1, 0.15, 0.2,
or 0.3 ug Se/g as Na,SeO3) for 28 d (4 rats per treatment).

Expt. 2. Male weanling rats (n = 60; 21 d old) were obtained from
Holtzman and treated as in Expt. 1. Rats were fed the basal Se-deficient
diet (0.005 ug Se/g by analysis) supplemented with graded levels of Se (0,
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0.016, 0.04, 0.06, 0.08, 0.12, 0.16, 0.24, 0.4, or 0.8 ug Se/g) as Na,SeO;
for 28 d (6 rats per treatment). Body weight was measured bi-weekly.
Animals had free access to feed and water and the care and treatment
protocols were approved by the Institutional Animal Care and Use
Committee at the University of Missouri (Expt. 1) and University of
Wisconsin (Expt. 2).

Tissue analysis

Rats were anesthetized with ether and blood was drawn by cardiac
puncture using EDTA-containing syringes. Livers were perfused in situ with
ice-cold 0.15 mol/L KCl and liver, kidney, and muscle were removed and
quick-frozen in liquid nitrogen (16). Blood was centrifuged at 1500 X g,
15 min at 4°C (Eppendorf 5415R, F-45-24-11 rotor, Brinkmann) to
separate plasma fromred cells, which were reconstituted to original volume
using saline phosphate buffer (76 mmol/L NaCl, 50 mmol/L sodium
phosphate, pH 7.4). Liver and kidney (only Expt. 2) and diet Se
concentrations (Expt. 1 and 2) were determined by neutron activation
analysis (23).

Enzyme activity assays

Liver, kidney, and muscle were homogenized in 9 volumes of sucrose buffer
(20 mmol/L Tris/HCI, pH 7.4, 0.25 mol/L sucrose, 1.1 mmol/L EDTA,
and 0.1% peroxide-free Triton X 100) and centrifuged at 10,000 X g,
15 min at 4°C (model J2-21M, JA-21 rotor, Beckman Instruments)
as described previously (6,16). Gpx1 activity in liver, kidney, muscle, and
RBC (designated as Gpx1) and Gpx3 activity in plasma (designated as
Gpx3) were measured by the coupled assay procedure (24) using
120 pmol/L H,O,. Gpx4 activity was measured by the coupled assay
procedure (6) using 78 umol/L phosphatidylcholine hydroperoxide, the
specific substrate. For both assays, 1 enzyme unit is the amount of enzyme
that will oxidize 1 umol/min of GSH under these conditions. Txnrd was
measured using the gold-inhibition assay with DTNB as a substrate (25).
The protein concentration of each sample was determined by the method
of Lowry et al. (26).

RNA isolation and analysis

Total RNA from liver and kidney (50-100 mg tissue; 7z = 3/diet group) was
isolated using the guanidinium isothiocyanate method with TRIzol
Reagent (catalog no. 15596-026, Invitrogen) following the manufacturer’s
protocol. The RNA pellet was dissolved in diethyl pyrocarbonate-treated
water and quantitated using a ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies).

Relative mRNA abundance was determined by quantitative RT-PCR.
RNA (1 pug) was reverse transcribed to cDNA using the RETR Oscript kit
(AM1710, Ambion) following the manufacturer’s instructions. Gene-
specific primers were designed to span a splice-junction and amplify an
~150 base segment (Supplemental Table 1). The final 25-uL real-time
reactions contained 10 ng reverse transcribed RNA, 0.2 mmol/L gene-
specific forward and reverse primers, and 1X SybrGreen PCR Master
mix (no. 4309155, Applied Biosystems). Reactions were followed in an
ABI Prism 7000 (Applied Biosystems) with initial stages of 50°C for
2 min and 95°C for 10 min, followed by 50 cycles consisting of 95°C for
15 s and 60°C for 2 min. A dissociation curve was run for each plate to
confirm the production of a single product. The amplification efficiency
for each gene was determined using the DART-PCR program (27). The
mRNA relative abundance was calculated according to Pfaffl (28),
accounting for gene-specific efficiencies, normalized to the mean of
B-actin and glyceraldehyde-3-phosphate dehydrogenase, and expressed
as a percentage of Se-adequate levels (0.2 ug Se/g in Expt. 15 0.24 ug Se/g
or plateau level in Expt. 2).

Statistical analysis

Data are presented as means = SEM. For Expt. 1 for all analyses, 7 = 3
per treatment. For Expt. 2, 7 = 5 or 6 per treatment for body weight and
for all enzyme analyses except skeletal muscle Gpx4; = 3/treatment for
skeletal muscle Gpx4 activity, for Se concentrations, and for liver and
kidney mRNA analyses; and 7 = 3 or 4 per treatment for skeletal muscle
mRNA analysis. All data were analyzed by ANOVA using a fixed model
testing the main effect of diet (SAS Institute). When the main effect
of diet was significant, differences between means were assessed by



Duncan’s multiple range analysis (P < 0.05), with Kramer’s modification
for unequal class sizes where necessary (29). When variance equality was
significant, as tested by Bartlett’s test (& = 0.05), significant differences
between means were assessed instead by the Scheffé F-test. For all tests,
P < 0.05 was considered significant. The plateau breakpoint for each Se
response curve, defined as the intersection of the line tangent to the point
of steepest slope and the plateau, was calculated as described previously
(14-16) using sigmoidal or hyperbolic regression analysis (Sigma Plot,
Jandel Scientific) to estimate the minimum dietary Se necessary to obtain
plateau responses.

Results

Animal growth. In both experiments, initial body weights of the
rats did not differ and dietary Se supplementation did not alter the
growth rate in either Expt. 1 (not shown) or Expt. 2 (Supple-
mental Fig. 1), where the rats grew at an mean rate of 7.7 g/d.
Thus, in these studies, neither Se deficiency nor Se supplemen-
tation affected growth.

Tissue Se analysis. Tissue Se levels were not determined in
Expt. 1. In Expt. 2, liver Se concentrations in rats fed the basal
diet were 3% of levels in Se-adequate (0.24 ug Se/g diet) rats,
showing that these rats were Se deficient (Fig. 1). Se supplemen-
tation resulted in a sigmoidal response in liver Se concentration,
with a plateau breakpoint at 0.08 ug Se/g diet (Table 1). In this
study using super-nutritional levels of 0.4 and 0.8 ug Se/g diet,
however, liver Se levels increased above the plateau and were
70% higher in rats fed 0.8 ug Se/g than in rats fed 0.08-0.24 ug
Se/g. Kidney Se levels had a similar response. Se-deficient kidney
Se was 12% of levels in Se-adequate kidney, with a plateau
breakpoint at 0.11 ug Se/g diet, and then kidney Se further
increased in rats fed the 0.8 ug Se/g diet to levels 70% above
Se-adequate levels.

Enzyme activity analyses. In Expt. 1, plasma Gpx3 activity in
Se-deficient rats was 6% of Se-adequate levels (0.2 ug Se/g diet),
with the plateau breakpoint at 0.075 ug Se/g diet. In Expt. 2,
plasma Gpx3 activity in rats fed a Se-deficient diet was 2% of the
activity in rats fed the Se-adequate (0.24 ug Se/g) diet (Fig. 2A).
Graded dietary Se supplementation resulted in plasma Gpx3
activity increasing in a sigmoidal response curve with a plateau
breakpoint at 0.06 ug Se/g diet (Table 1). Super-nutritional levels
of Se supplementation (0.4 ug Se/g diet and higher) did not result
in further increases in Gpx3 activity.

Se (nmol/g)

® Liver Se (P<0.01)
A Kidney Se (P<0.01)

0 + + + t
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Dietary Se (ng Se/g diet)

FIGURE 1 Liver and kidney Se concentration in male weanling rats
fed diets containing graded levels of Se for 28 d. Values are means *
SEM, n = 5 or 6. Detailed statistical analysis is provided in
Supplemental Table 2.

In Expt. 1, RBC Gpx1 activity in Se-deficient rats was 28 % of
Se-adequate levels (0.2 ug Se/g diet), with the plateau breakpoint
at 0.1 ug Se/g diet (data not shown). In Expt. 2, RBC Gpx1
activity in Se-deficient rats decreased to 24% of Se-adequate

TABLE 1 Se requirement hierarchy in growing rats’
Extent of regulation Minimum
Biomarker (P-value)? requirement®
ng Se/g diet
Conventional biomarkers
Growth Low (0.99 ) <0.01
Muscle Gpx4 activity Low (0.83) <0.01
Plasma Gpx3 activity Very high (<0.0001) 0.06
Liver Gpx4 activity Moderate (<0.0001) 0.06
Liver Txnrd activity Very high (<0.0001) 0.06
Kidney Gpx4 activity Moderate (<0.0001) 0.07
Liver Se concentration Very high (<0.0001) 0.08
RBC Gpx1 activity High (<0.0001) 0.08
Liver Gpx1 activity Very high (<0.0001) 0.09
Kidney Se concentration High (<<0.0001) 011
Kidney Gpx1 activity Very high (<0.0001) 0.12
Muscle Gpx1 activity Very high (<0.0001) 0.13
Molecular biomarkers
Liver Gpx4 mRNA Low (0.10) <0.01
Kidney Gpx4 mRNA Low (0.36) <0.01
Muscle Gpx4 mRNA Low (0.99) <0.01
Kidney Sephs2 mRNA Moderate up (0.008) 0.02
Muscle Gpx3 mRNA Moderate (0.005) 0.02
Kidney Sepn1 mRNA Moderate (0.04) 0.02
Liver Selk mRNA High (<0.0001) 0.03
Liver Selt mRNA Moderate (0.04) 0.03
Liver Gpx3 mRNA High (0.005) 0.04
Liver Sepn1 mRNA Moderate (0.007) 0.04
Liver Sepp1 mRNA Moderate (0.0008) 0.04
Muscle Selh mRNA Moderate (0.02) 0.04
Kidney Selh mRNA High (<0.0001) 0.05
Muscle Sepw1 mRNA High (0.04) 0.05
Muscle Gpx1 mRNA High (0.14) 0.05
Liver Txnrd3 mRNA Moderate (0.0004) 0.05
Kidney Selk mRNA Moderate (0.0008) 0.05
Kidney Txnrd1T mRNA Moderate (<0.0001) 0.05
Liver Selh mRNA High (<0.0001) 0.06
Kidney Sepw1 mRNA High (<0.0001) 0.06
Kidney Gpx1 mRNA High (<0.0001) 0.06
Kidney Gpx3 mRNA High (0.05) 0.06
Liver Sep15 mRNA Moderate (0.01) 0.06
Liver Dio1 mRNA Moderate (0.0002) 0.06
Liver GpxT mRNA Very high (<0.0001) 0.07
Liver Sepw1 mRNA High (<0.0001) 0.07

" Detailed statistical analyses are provided in Supplemental Tables 2 and 4 and values
are shown for some biomarkers in Figures 1-3. Extent of Se regulation for all 24 rat
selenoproteins for all tissues studied is provided in Supplemental Table 5.

2 Susceptibility to Se regulation of the indicated biomarker in Se-deficient rat tissue
in Se-deficient compared with Se-adequate (0.24 ug Se/g diet) rats: very high =
<10.9% of Se adequate; high = 11-40.9% of Se adequate; moderate = 41-70%
of Se adequate; low = >70% of Se adequate; kidney Sephs2 mRNA is moder-
ately upregulated in Se deficiency. Significance (P-value) of regulation indicated in
parentheses.

3 Minimum dietary Se requirement for the growing rat as determined for each
indicated biomarker in Expt. 2. Requirements are the minimum dietary Se necessary
for the indicated parameter to reach plateau levels when Se-adequate weanling rats
are fed these diets from weaning, as determined by breakpoint analysis as described
in the text. Shown are all conventional biomarkers assessed in these studies, all
molecular biomarkers that were significantly (P < 0.05) regulated by Se status, and all
molecular biomarkers shown in Figure 3.
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FIGURE 2 Plasma Gpx3 activity (A), RBC Gpx1 activity (B), tissue
Gpx1 activity (C), tissue Gpx4 activity (D), and liver Txnrd (E) activities
in male weanling rats fed diets containing graded levels of Se for 28 d.
Activities are expressed as enzyme unit/g protein. Values are means =
SEM, n = 5 or 6, except muscle Gpx4, n = 3. Detailed analysis is
provided in Supplemental Table 2.
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levels (Fig. 2B). With increasing dietary Se, RBC Gpx1 activity
increased and reached a breakpoint at 0.08 ug Se/g diet. RBC
Gpx1 activity continued to increase with increasing dietary Se
above the 0.08 ug Se/g diet breakpoint, but the rate was less than
one-half of the rate of increase before the ~0.1 ug Se/g diet.

In Expt. 1, liver and kidney Gpx1 activities in Se-deficient rats
were 2 and 7%, respectively, of Se-adequate levels (0.2 ug Se/g
diet), with the plateau breakpoints at 0.08 ug Se/g diet (data not
shown). In Expt. 2 in Se-deficient animals, liver, kidney, and
muscle Gpx1 activities fell to 2, 5, and 6% of Se-adequate
animals, respectively. Gpx1 activities in liver and kidney reached
defined plateaus in this study with breakpoints at 0.09 and 0.12
ug Selg diet, respectively (Fig. 2C). Plateau liver Gpx1 activity
was the highest, with kidney and muscle Gpx1 plateau activities
53 and 8%, respectively, of liver plateau levels. Muscle Gpx1
activity response to increasing dietary Se supplementation was
similar to RBC Gpx1 activity, with a muscle Gpx1 activity
breakpoint at 0.13 ug Se/g diet.

In Expt. 1, liver Gpx4 activity in Se-deficient rats was 34% of
Se-adequate levels (0.2 ug Se/g diet), with the plateau breakpoint
at 0.075 ug Se/g diet (data not shown). In Expt. 2, tissue Gpx4
activities also were far less affected by Se deficiency (Fig. 2D).
Relative to Se-adequate plateau levels, Se-deficient liver and
kidney Gpx4 activities were 47 and 48% of Se-adequate ani-
mals, respectively. Muscle Gpx4 activity, however, was not
significantly altered by dietary Se supplementation. Kidney had
the highest Gpx4 activity, with liver and muscle Gpx4 plateau
activities at 73 and 19% of plateau kidney levels; liver and
kidney had Gpx4 activity breakpoints at 0.06 and 0.07 ug Se/g
diet, respectively.

In Expt. 1, kidney Txnrd activity in Se-deficient rats was 22 %
of Se-adequate levels (0.2 ug Selg diet), with the plateau
breakpoint at 0.075 g Se/g diet (data not shown). In Expt.
2 and similar to Gpx1, liver Txnrd activity decreased in Se-
deficient rats to 7% of Se-adequate rats (Fig. 2E). Liver Txnrd
activity increased sigmoidally with increasing dietary Se, with a
breakpoint at 0.06 ug Se/g diet. As with all enzyme activities
except RBC and muscle Gpx1, super-nutritional levels of Se
supplementation (0.4 ug Se/g diet and higher) did not result in
further increases in Txnrd activity.

Selenoprotein mRNA abundance. In Expt. 1, total RNA
from liver and kidney of rats fed graded levels of dietary Se from
0 to 0.3 ug Se/g were analyzed by quantitative real-time-PCR for
selenoprotein mRNA levels for 9 and 7 selenoproteins, respec-
tively, that we previously found to be highly or moderately
downregulated in mice (19). In Se-deficient rat liver, mRNA
levels for Gpx1, Sepw1, and selenoprotein H (Selh) were highly
regulated by Se status, decreasing to 12, 19, and 31%,
respectively, of Se-adequate levels (see Supplemental Table 3).
Except as noted below, the plateau breakpoints and Se response
curves (data not shown) in this study were very similar to the
results described for Expt. 2.

In Expt. 2, all 24 selenoproteins in the complete rat seleno-
proteome were analyzed for potential dietary Se regulation in
3 tissues. Overall, the majority of selenoprotein genes were not
regulated by dietary Se in any tissues. The selenoproteins were
grouped by the extent of reduction in Se deficiency into 5 groups:
very high regulation (<10.9% of Se adequate); high regulation
(11-40.9% of Se adequate); moderate regulation (40.9-70% of
Se adequate; P < 0.05); low regulation (present, > 70% of Se
adequate but not significantly regulated; P > 0.05); and not
expressed. In liver, 5 selenoprotein mRNA (Gpx1, Sepwl1, Selh,
Gpx3, and Selk) were very highly or highly regulated; 6 (Diol,



Sepnl, Sepp1, Selt, Sep135, and Txnrd3) were moderately regu-
lated; 12 [Dio2, Dio3, Gpx2, Gpx4, Seli, Selm, Selo, methionine-
R-sulfoxide reductase (Sepx1), Sels, selenophosphate synthetase-2
(Sepx2), Txnrd1, and Txnrd2] were expressed but not regulated
(P>0.05);and 1 (Selv) was not expressed (Table 1; Supplemental
Tables 4 and 5). In kidney, 4 selenoproteins (Gpx1, Sepw1, Selh,
and Gpx3) were highly regulated; 3 (Selk, Sepn1, and Txnrd1)
were moderately downregulated; 1 (Sephs2) was moderately
upregulated; 15 (Dio1, Dio2, Dio3, Gpx2, Gpx4, Seli, Selm, Selo,
Seppl, methionine-R-sulfoxide reductase, Sels, Selt, Sepls,
Txnrd2, and Txnrd3) were expressed but not regulated; and
1 (Selv) was not expressed. In muscle, 1 selenoprotein was highly
regulated (Sepw1), 1 (Gpx1) was highly but nonsignificantly
regulated, 2 (Gpx3, Selh) were moderately regulated, and the
remaining 20 were expressed but not regulated (Supplemental
Table 5). For all Se-regulated genes, except for Sepn1 and Sephs2
in kidney and Gpx3 in muscle, the mRNA plateau breakpoints
were between 0.03 and 0.07 ug Se/g diet (Table 1).

Gpx1 mRNA levels in Se deficiency were reduced to 10% in
liver and 21% in kidney and tended to be reduced to 37% (P =
0.14) in muscle relative to Se-adequate levels (Fig. 3A). Plateau
breakpoints in liver (0.07 ug Se/g diet) and kidney (0.06 ug Se/g
diet) were very similar. The shape of the muscle Gpx1 mRNA
curve was similar to those for liver and kidney, with a breakpoint
of 0.05 ug Se/g diet. In Expt. 1, liver and kidney Gpx1 mRNA
levels in Se-deficient rats were 12 and 34 %, respectively, of Se-
adequate rats (Supplemental Table 3), and breakpoints for liver
and kidney Gpx1 mRNA were 0.07 and 0.06 ug Se/g diet and
thus similar to Expt. 2.

Gpx4 mRNA was not regulated by dietary Se in any tissue in
Expt. 2 (Fig. 3D). In Expt. 1, Gpx4 mRNA was also not regu-
lated in either liver or kidney (Supplemental Table 3).

Sepwl was the only mRNA highly regulated in all 3
examined tissues (Fig. 3B). In Se-deficient rats, Sepwl mRNA
levels were 16, 29, and 29% of Se-adequate levels in liver,
kidney, and muscle, respectively. Plateau breakpoints were 0.07,
0.06, and 0.05 ug Sel/g diet for liver, kidney, and muscle,
respectively. In Expt. 1, Sepw1 mRNA was also highly regulated
in liver (19% of Se adequate) and moderately regulated in
kidney (41% of Se adequate).

Selh mRNA was the 3rd most highly regulated selenoprotein
identified in this rat study (Fig. 3C). In Se deficiency, liver and
kidney Selh mRNA levels were reduced to 21 and 40.8%,
respectively, of Se-adequate levels; in muscle, Selh was moderately
regulated (54% of Se-adequate levels). Breakpoints for Selh
mRNA were similar across tissues (0.06, 0.05, and 0.04 ug Se/g
diet for liver, kidney, and muscle, respectively). In Expt. 1, Selh was
also highly regulated (31 % of Se adequate) in liver and moderately
regulated (53% of Se adequate) in kidney (Supplemental Table 3).

Kidney Sephs2 was the only gene to exhibit a different
pattern of Se regulation (Fig. 3E). In both Expt. 1 and 2, kidney
Sephs2 was significantly upregulated in Se deficiency to 134 and
234% of Se-adequate rats, respectively (Supplemental Tables 3
and 4). The plateau breakpoints were 0.08 (not shown) and 0.02
g Selg diet for Expt. 1 and 2, respectively. In liver and muscle,
in contrast, Sephs2 mRNA levels were not regulated significantly
by dietary Se.

Gpx3 mRNA was highly regulated in liver and kidney with
breakpoints of 0.04 and 0.06 ug Se/g diet, respectively, and
moderately regulated in muscle. Selk mRNA was highly regu-
lated in liver and kidney, with breakpoints of 0.03 and 0.05 ug
Selg diet, respectively, but not regulated in muscle (Table 1).

In addition to the genes discussed above, Se deficiency
moderately downregulated mRNA levels in liver for Diol,
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FIGURE 3 Relative mRNA levels for Gpx1(A), Sepw1(B), Selh (0), Gpx4
(D), and Sephs2 (E) in male weanling rats fed diets containing graded levels
of Se for 28 d, as determined by quantitative real-time-PCR on total RNA
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for each sample, normalized to the mean of glyceraldehyde-3-phosphate
dehydrogenase and B-actin mRNA levels in each sample, expressed as a
percentage of Se-adequate plateau levels, and plotted as mean + SEM,
n = 3. Detailed analysis is provided in Supplemental Table 4.

Rat selenoprotein regulon 203



Sepnl, Seppl, Selt, Sep15, and Txnrd3 (Table 1). In kidney,
Sepnl and Txnrd1 mRNA levels were moderately downregu-
lated by Se deficiency (Table 1).

Discussion

In both studies reported here, male weanling rats were fed a Se-
deficient diet for 28 d or supplemented with graded levels of Se
up to 0.8 ug Se/g diet. Just as in a number of previous studies
(6,14,15), regardless of level of Se supplementation, there was
no significant effect of dietary Se on growth, indicating the Se
requirement for growth was <0.01 ug Se/g diet. Liver and
kidney Se concentrations at the end of the study, however, were 3
and 12%, respectively, of Se-adequate levels, clearly indicating
that these rats were Se deficient. Similarly, liver and kidney Gpx1
activities were 2 and 5%, respectively, of Se-adequate levels.
Thus, the Se-deficient young rats in the present study were bio-
chemically Se deficient but otherwise physiologically indistin-
guishable from Se-supplemented rats. So the changes in molecular
biomarkers in this study appear to be specific for altered Se
status rather than secondary effects.

This characterization of the selenoprotein regulon found that
Gpx1 mRNA was the mRNA species that was most dramatically
regulated by Se status in rats. In addition, 2 selenoprotein mRNA,
Sepw1 and Selh, were also highly regulated by Se status. Sepw1 in
liver, kidney, and muscle was decreased to 16, 29, and 29% of Se-
adequate levels, respectively. Previous studies (10,30,31) reported
that Sepw1 was regulated by dietary Se in muscle, but these
reports did not detect Sepw1 in liver or kidney. Selh mRNA in
liver, kidney, and muscle was decreased to 21, 41, and 54%,
respectively, of Se-adequate levels in Se deficiency. Regulation of
Selh mRNA in rats by Se status has not been previously reported.
Changes in Se distribution in Se-adequate mice due to knockout
of Sepp1, however, were reported not to dramatically affect Selh
mRNA levels in heart, lung, brain, or testes and were reported to
not affect Sepw1 mRNA levels in heart or to raise Sepwl mRNA
levels in lung but were reported to dramatically decrease Sepw1
mRNA levels in brain and testes (32). This shows that genetic
mouse models, ostensibly creating Se deficiency by impairing as-
pects of Se metabolism, may not result in the same effects as
reducing total Se by dietary Se deficiency. It may be that
specialized transport of Se by Sepp1 and specialized distribution
due to Seppl receptors (33,34) alters Se flux and Se retention,
causing some of these differences. In the present study, both
Sepwl and Selh mRNA reached well-defined plateaus with
breakpoints at 0.05-0.07 ug Se/g diet. Thus, Gpx1, Sepw1, and
Selh mRNA are biomarkers that dramatically decrease in vivo
and thus should be considered when developing molecular
biomarkers for Se status. These biomarkers can be detected in
total RNA isolated from human blood but are not reduced in
humans with plateau levels of plasma Gpx3 activity (35), similar
to what was observed in this study with rats.

This study expanded the assessment of potential molecular
biomarkers to kidney and muscle to better understand variations
in expression and sensitivity to changes in Se status. Wide
differences between tissues in Se concentration and sensitivity to
Se depletion are well known, as observed in this study. In
addition to Gpx1, Sepwl, and Selh, 2 more selenoprotein
mRNA were highly regulated by Se status in at least 1 tissue; Selk
and Gpx3 mRNA fell to <35% of Se-adequate levels in liver. In
kidney, the major source of circulating plasma Gpx3, Se
deficiency reduced Gpx3 mRNA levels to 40% of Se-adequate
levels. In addition, 6 mRNA in liver, 3 mRNA in kidney, and
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2 mRNA in muscle were moderately downregulated in this young,
rapidly growing rat model. In other species, these differences may
be more profound and, thus, these mRNA have the potential to be
effective biomarkers and should be investigated.

An important aspect of this study is the inclusion of super-
nutritional dietary Se concentrations. We did not find, however,
any biomarkers that showed incisive breakpoints well above 0.1
ug Selg diet and thus that could be used as biomarkers for super-
nutritional or anticarcinogenic levels of Se. This further supports
the idea that the anticarcinogenic activity of Se is mediated by
effects not directly related to selenoprotein activity (20,21,36).
The increased liver and kidney Se > 0.24 ug Se/g diet (Fig. 1),
which are not accompanied by increases in selenoenzymes (Fig.
2) or by increases in selenoprotein mRNA levels, suggests that
additional unknown forms of Se are accumulating in these
tissues in rats fed super-nutritional levels of Se.

Breakpoint analysis was used to calculate minimum dietary
Se requirements. These requirements based on liver Gpx1,
Gpx4, and Txnrd activity were 0.09, 0.07 and 0.06 ug Se/g diet,
respectively, and thus are close to the values of 0.1, 0.05, and
0.07 ug Se/g diet reported previously (6,9,15). The inclusion of
higher levels of Se supplementation in the present study,
however, allowed more careful calculation of the breakpoints
in kidney and muscle and resulted in minimum dietary Se
requirements of 0.12 and 0.06 ug Se/g diet based on kidney
Gpx1 and Gpx4 activity, respectively, and a minimum dietary Se
requirement of 0.13 ug Se/g diet based on muscle Gpx1 activity.
A striking feature of these Se response curves is that dietary Se
over just a small range (0.03-0.07 ug Se/g diet) raised virtually
all selenoprotein mRNA levels to Se-adequate levels with the
dramatic impact on selenoprotein mRNA levels occurring
at <0.05 pg Se/g diet. This strongly suggests that there is 1 under-
lying mechanism at play in Se regulation of selenoprotein mRNA
levels.

One important point should not be overlooked: the majority
of selenoprotein mRNA in each tissue were not significantly
regulated by Se status. The lack of Se regulation of Gpx4 mRNA
has been long reported (6), but this study now clearly shows that
Se regulation of mRNA level is not universal for all seleno-
protein mRNA. The mechanism involved in Se regulation
of selenoprotein mRNA appears to be related to nonsense-
mediated decay (37,38) and is thought to require a nonsense
codon, or selenocysteine codon in a Se-deficient organism,
sufficiently up-stream (the >55-nt rule) of a splice junction (39—
41). The present study and a previous mouse microarray study
(19), however, clearly show that this rule alone is not sufficient
to explain Se regulation of selenoprotein mRNA degradation,
because highly regulated Sepw1, Selk, and Gpx3 mRNA have
UGA positioned 135, 5, and 22 nt, respectively, upstream of a
splice junction, whereas unregulated Gpx4 and Diol mRNA are
positioned 105 and 103 nt, respectively, upstream of a splice
junction. The present study thus provides a number of new
examples showing that the >55 nt rule does not explain
susceptibility to degradation.

This study did find 1 selenoprotein with a unique pattern of
regulation. Sephs2 was significantly upregulated in Se-deficient
rat kidney in both Expt. 1 and 2. Although not significant,
skeletal muscle Sephs2 mRNA in Expt. 2 had a similar pattern
(Se deficient was 185 % of Se adequate). Sephs2 protein has been
detected in rat kidney (42) and recently Xu et al. (43) reported
that Sephs2 was required for selenoprotein biosynthesis and
that Sephsl cannot substitute for Sephs2 activity. Potentially,
upregulation of Sephs2 mRNA in Se deficiency may facilitate
enhanced recycling of limiting Se. The mechanism is unclear and



may be due to enhanced transcription rather than reduced mRNA
stability in Se deficiency, similar to increases in expression of
glutathione-S-transferase in Se deficiency (44) or to increases in
Diol mRNA in thyroid in Se deficiency due to TSH feedback (8).

The present study affirms that the minimum Se requirement
for growing rats is 0.1 ug Se/g diet based on liver Se, liver Gpx1
activity, and RBC Gpx1 activity, and affirms slightly lower
requirements based on plasma Gpx3 activity, liver Txnrd
activity, and liver and kidney Gpx4 activity (Table 1). Using
the response curve breakpoints of the highly regulated mRNA in
liver and kidney to estimate minimum dietary requirements, the
resulting minimum dietary requirements are grouped between
0.04 and 0.07 ug Se/g diet (Table 1). Apparent requirements in
muscle are slightly lower, ranging between 0.03 and 0.05 ug Se/g
diet. Thus, these requirements based on molecular biology
biomarkers are, generally, slightly lower than the requirements
based on biochemical markers and slightly higher than the
earlier reported requirements of 0.04 and 0.05 ug Se/g diet based
on prevention of disease or maintenance of growth (1,2). Unlike
the early studies, the Se requirement today for growth is <0.01
ung Selg diet using pups from Se-adequate dams with diets
supplemented with vitamin E and sulfur amino acids. Higher
breakpoints of up to 0.13 ug Se/g diet were observed in this
young, rapidly growing rat model based on kidney and muscle
Gpx1 activity; the basis for these higher breakpoints is unclear
but may be related to a role of Gpx1 as a Se store or buffer (45)
or slower metabolism in these tissues, such that these storage
pools are not fully saturated in the young developing rodent. In
summary, the current NRC Se requirement (12) of 0.15 ug Se/g
diet includes a safety factor, because it is well above the min-
imum dietary Se requirement of 0.07 ug Se/g diet based on
molecular biomarkers, above the minimum dietary Se require-
ment of 0.1 ug Se/g diet based on biochemical biomarkers, and
much higher than minimum requirements based on growth and
prevention of disease (1,2,4).

In conclusion, these studies covering the entire rat seleno-
proteome have expanded the rat Se regulon to include several
additional, highly regulated selenoprotein mRNA, including
Sepwl1, Selh, Selk, and Gpx3, as well as Gpx1. These studies,
however, did not detect any selenoprotein mRNA that decreased
to a greater extent than did Gpx1 or that required a higher
dietary Se concentration to reach maximum levels than did Gpx1.
Also identified was 1 selenoprotein, Sephs2, that is upregulated in
Se-deficient kidney and perhaps muscle. Finally, the plateau
breakpoints for all of the selenoprotein mRNA were very similar,
suggesting that 1 underlying mechanism is at play in Se regulation
of selenoprotein mRNA. Thus, this analysis of the full seleno-
proteome did not identify any selenoprotein molecular bio-
markers that might help to assess higher Se status associated with
cancer prevention or super-nutritional levels of Se supplementa-
tion. Studies on the regulation of nonselenoprotein mRNA
by super-nutritional levels of dietary Se may, however, have
the potential to identify good molecular biomarkers associated
with high Se status.
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