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Abstract A suboptimal selenium supply appears to pre-
vail in Europe. The current study, therefore, was focused
on the changes in gene expression under a suboptimal
selenium intake. Previous microarray analyses in the colon
of mice fed either a selenium-adequate or a moderately
deficient diet revealed a change in genes of several path-
ways. Severe selenium-deficiency has been found previ-
ously to influence Nrf2-regulated genes of the adaptive
response. Since the previous pathway analyses were done
with a program not searching for Nrf2 target genes,
respective genes were manually selected and confirmed by
gPCR. gPCR revealed an induction of phase II (Nqol,
Gsts, Sultlbl and Ugtla6) and antioxidant enzymes
(Hmox1, Mt2, Prdx1, Srxnl, Sodl and Gclc) under the
selenium-poor diet, which is considered to compensate for
the loss of selenoproteins. The strongest effects were
observed in the duodenum where preferentially genes for
antioxidant enzymes were up-regulated. These also include
the mRNA of the selenoproteins TrxR1 and GPx2 that
would enable their immediate translation upon selenium
refeeding. The down-regulation of Gsk3f in moderate
selenium-deficiency observed in the previous paper pro-
vides a possible explanation for the activation of the Nrf2
pathway, because inhibition of GSK3f results in the
nuclear accumulation of Nrf2.
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Abbreviations

GST Glutathione S-transferase

NQO1 NADPH:quinone oxidoreductase

HMOX1 Heme oxygenase 1

Trsp Gene encoding for selenocysteine tRNA

Nrf2 NF-E2-related factor

ARE/EpRE Antioxidant or electrophilic response
element

GSH Glutathione

ROS Reactive oxygen species

RDA Recommended daily allowance

GPx Glutathione peroxidase

TrxR (Txnrd)

Thioredoxin reductase

Introduction

In mammals, the essential trace element selenium exerts its
function as selenocysteine incorporated into the active center
of selenoproteins. In humans, 25 genes encode for seleno-
proteins [30]. Many of these are involved in redox processes
[35], including glutathione peroxidases (GPx) [8] and thio-
redoxin reductases (TrxR) [14]. A marginal selenium-defi-
ciency, as present in the European population, is possibly
accompanied by a slightly increased oxidative status [45].
Expression of selenoproteins depends on the cellular
selenium status. However, several microarray studies
revealed that the expression of also non-selenoproteins is
influenced by the availability of selenium (reviewed in
[13]). Underlying mechanisms are still scarce. Genes often
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influenced by the selenium status code for enzymes of the
antioxidant defense and the phase II system [13, 44]. On
the one hand, large doses of selenium stimulate the activity
of phase II enzymes like glutathione S-transferase (GST)
and NADPH:quinone oxidoreductase (NQO1). This effect
can be mediated by selenocysteine Se-conjugates [53] and
dimethyl diselenide [58], respectively. On the other hand,
there is strong evidence for an induction of antioxidant and
phase II enzymes in selenium-deficiency. Already in the
late 1970s, it was reported that heme oxygenase 1
(HMOXT1) [12] as well as GST activity were elevated in
selenium-deficient rat liver [32]. The idea of a compensa-
tory up-regulation of antioxidant and phase II enzymes in
selenium-deficiency was further supported by findings in
mice with an organ-specific targeted removal of the gene
encoding for selenocysteine tRNA (Trsp). The complete
loss of selenoproteins in liver resulted in the induction of
GSTPi, NQO1 and HMOX1 [52].

Most of the genes for proteins involved in the cellular
antioxidant defense and in phase II detoxification are regu-
lated via the redox- and electrophile-sensitive transcription
factor NF-E2-related factor (Nrf2) (reviewed in [16]), which
binds to the cis-acting antioxidant or electrophilic response
element (ARE/EpRE) [48, 56]. Nrf2 ~/~ mice are sensitive to
chemical-induced toxicity and tumorigenesis [43]. Addi-
tionally, Nrf2™'~ mice are highly susceptible to oxidative
stress [1] and have a lower basal glutathione (GSH) level
[47]. Under unstimulated conditions, Nrf2 is kept in the
cytosol bound to Keapl, which functions as a substrate
adaptor for a Cul3-based E3 ubiquitin ligase and targets Nrf2
for degradation. Transactivation of target genes is induced in
response to reactive oxygen species (ROS) or electrophilic
agents that modify susceptible thiol groups of Keapl,
resulting in a rapid increase in nuclear Nrf2 protein levels
(reviewed in [38]). A simultaneous disruption of Trsp and
Nrf2 abolished the induction of phase II enzymes, thus,
verifying the role of Nrf2 in responding to the loss of sele-
noproteins [52]. The ARE-driven reporter gene activity in
ARE-reporter mice fed a selenium-deficient diet was
strongly enhanced compared to mice fed the control diet [9].
In addition, the increased GST and NQO1 activity observed
in selenium-deficient wild type mice was not detectable in
Nrf2 ™/~ mice [9]. This provided the first direct link between
dietary selenium-deficiency and Nrf2 activation.

Based on these results, the current study was focused on
the influence of a marginal selenium-deficient diet on the
expression of Nrf2-regulated genes. The selenium-poor
diet contained half the recommended daily allowance
(RDA) of mice [28], reflecting a physiological situation
which can equally occur by changing nutritional habits or
by seasonal food variation. The target organs analyzed
were the intestinal sections colon and duodenum, the first
line of defense against xenobiotic stress, as well as liver,
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which highly expresses phase II enzymes. Pathway analy-
sis of the microarray data obtained in the previous study
[28] did not indicate the Nrf2 pathway as being affected
since the used program GenMAPP does not include a
MAPP (microarray pathway profile) for this pathway.
Therefore, 48 Nrf2 target genes and 12 classical phase II
enzymes were manually identified, and interesting candi-
date genes were confirmed by qPCR.

Materials and methods
Animal experiment

Tissue samples were obtained from the animals treated as
reported previously [28]. Briefly, male C57BL/6 J mice (3—
4 weeks of age) were fed either a selenium-poor (0.086 mg
Se/kg) or a selenium-adequate diet (0.15 mg Se/kg) pro-
duced by mixing selenomethionine (Acros, Geel, Belgium)
into the poor one (Altromin, Lage, Germany). After a
6-week feeding period, anesthetized animals were killed by
cervical dislocation. Plasma and tissues freeze-clamped in
liquid nitrogen were stored at —80°C. The selenium status
of the 12 animals per group was characterized by the
plasma selenium content and liver GPx activity and found
to be decreased under moderate selenium-deficiency to 13
and 35% of selenium-adequacy, respectively [28].

RNA isolation

Tissue was ground under cooling with liquid nitrogen. 20—
30 mg powder was suspended in 800 pl of cold Trizol
(Invitrogen, Karlsruhe, Germany) and homogenized with a
tissue lyzer (Qiagen, Hilden, Germany) for 2 x 2 min at
30 Hz. RNA was isolated using the Trizol protocol
according to the manufacturer’s instructions. Genomic
DNA was digested with 10 U RQI DNase (Promega,
Mannheim, Germany), and RNA was cleaned up by phe-
nol-chloroform extraction. RNA concentrations were
measured using a NanoDrop ND-1000 (Peqlab Biotech-
nologie GmbH, Erlangen, Germany).

Microarray analysis

The microarray analysis using Mouse 44 K microarrays
(Agilent Technologies, Boblingen, Germany) was done as
described previously [28]. Significantly regulated genes
were identified with Student’s t-test (P < 0.05).

Quantitative real-time PCR

RNA (3 pg) was reversely transcribed with 150 fmol
oligo(dT)15 primers and 180 U Moloney murine leukemia
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virus reverse transcriptase (Promega) in a total volume of
45 pl. Real-time PCRs (Mx3005PTM QPCR System,
Stratagene, Amsterdam, Netherlands) were performed in
triplicates with 1 pl of tenfold diluted cDNA in 25-pl
reaction mixtures using SYBR Green I (Molecular Probes,
Eugene, USA) as fluorescent reporter. The annealing
temperature was 60 and 62°C, respectively, for all PCR
reactions (Table 1). PCR products were quantified with a
standard curve ranging from 1 x 10° to 1 x 10° copies of
each amplicon. Primers (Table 1, Sigma—Aldrich, Tauf-
kirchen, Germany) were designed to be specific for cDNA
by placing at least one primer onto an exon/intron

Table 1 Primer sequences (5’ — 3')

boundary with PerlPrimer v1.1.14. The mean of the refer-
ence genes Rpll3a and Hprtl was used for normalization
of gPCR results in the colon and liver, whereas Rpl13a was
used solely in the duodenum.

Preparation of tissue lysates

10 mg of ground tissue was suspended in 250-p1 homoge-
nization buffer (100 mM Tris-HCI, 300 mM KCI, 0.01%
Triton X-100) containing 2 pl of protease inhibitor cocktail
III (Calbiochem, Bad Soden, Germany) and homogenized
with a tissue lyzer (Qiagen) for 2 x 2 min at 30 Hz. Lysates

Gene name Acc. number Primer sequence Product (bp) Ta (°C)

Gclc NM_010295.1 fwd CCGCTGTCCAAGGTTGACGA 101 60
rev GTTGCCGCCTTTGCAGATGTC

Gpx2 NM_030677 fwd GTGCTGATTGAGAATGTGGC 252 60
rev AGGATGCTCGTTCTGCCCA

Gstal/a2 NM_008181.2 fwd GCAGACCAGAGCCATTCTCAACT 247 60
rev CAAGGTAGTCTTGTCCATGGCTC

Gstm1 NM_010358.4 fwd AGCTCATCATGCTCTGTTACAACC 143 62
rev AATCCACATAGGTGACCTTGTCCC

Gstpl NM_013541.1 fwd CAAATATGTCACCCTCATCTACACCA 148 62
rev CAAAGGAGATCTGGTCACCCAC

Hmox1 NM_010442.1 fwd CCTGGTGCAAGATACTGCCC 105 60
rev GAAGCTGAGAGTGAGGACCCA

Mt2 NM_008630.2 fwd CTGTGCCTCCGATGGATCCT 150 62
rev CTTGTCGGAAGCCTCTTTGCAG

Nqol NM_008706.4 fwd ATGTACGACAACGGTCCTTTCCAG 134 60
rev GATGCCACTCTGAATCGGCCA

Prdx1 NM_011034.3 fwd CAAGTGATTGGCGCTTCTGTGG 122 62
rev AATGGTGCGCTTGGGATCTG

Sepwl NM_009156.2 fwd ATGCCTGGACATTTGTGGCGA 152 60
rev GCAGCTTTGATGGCGGTCAC

Sodl NM_011434.1 fwd GGACAATACACAAGGCTGTACC 112 60
rev CAGTCACATTGCCCAGGTCTC

Srxnl NM_029688.4 fwd AGCCTGGTGGACACGATCCT 130 62
rev TGCTGGTAGGCTGCATAGCG

Sultlbl NM_019878.3 fwd CTGCCCACAGCAATGATGGA 106 62
rev GCATCAAATTGCTCAGTTTGGGTC

Txnrd1 NM_015762.1 fwd TACTGCATCAGCAGTGATGATC 206 60
rev CCATGTTCTTCCATGTGTTCAC

Ugtla6a/b NM_201410 fwd CACGTGCTACCTAGAGGCACAG 142 62
rev GACCACCAGCAGCTTGTCAC

Reference genes

Hprtl NM_013556 fwd GCAGTCCCAGCGTCGTG 168 60
rev GGCCTCCCATCTCCTTCAT
Rpl13a NM_009438 fwd GTTCGGCTGAAGCCTACCAG 157 60

rev TTCCGTAACCTCAAGATCTGCT
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were centrifuged for 15 min at 21,000x g and 4°C before
protein content was assessed according to Bradford [7].

Western blots

Aliquots (20 pg protein/lane) were subjected to SDS-
PAGE and blots performed as described [5]. NQO1 was
detected with the rabbit-anti-human NQOI1 antiserum
(1:3,000; ab34173, Abcam, Cambridge, UK). p-Actin,
detected by rabbit-anti-human f-actin antiserum (1:5,000;
ab8229, Abcam), served as internal control. Peroxidase-
conjugated anti-rabbit antibody (1:50,000; Chemicon,
Hofheim, Germany) was used as secondary antibody.
Detection was achieved in a Fuji LAS3000-CCD system
with Supersignal West Dura (Perbio, Bonn, Germany) as
substrate. Bands were quantified with the Aida/2D densi-
tometry 4.0 software (Raytest, Straubenhardt, Germany).

NQOI1 activity

Dicoumarol-sensitive NQO1 activity was measured
according to [42]. Reduction in 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) mediated by
menadione was followed on a microtiter plate absorbance
reader at 590 nm (Synergy 2, Biotek Instruments GmbH,
Bad Friedrichshall, Germany) that corrects different filling
levels to 1-cm path length. 3 pl lysate was used for the
assay together with 190-ul reaction buffer (25 mM
Tris-HCl, pH 7.4, 0.665 mg/l BSA, 0.01% Tween 20,
5 uM FAD, 1 mM glucose-6-phosphate, 30 puM NADP,
0.72 mM MTT, 0.3 U/ml glucose-6-phosphate dehydro-
genase, 50 UM menadione) in a total volume of 250 pl.
Activity of NQO1 was calculated as the difference between
the rates of MTT reduction with and without dicoumarol
using an extinction coefficient of reduced MTT estimated
to be 11,961 (mol/)~" x cm™" at 590 nm.

Statistical analysis

Comparing two groups, significant differences were cal-
culated by an unpaired Student’s r-test (GraphPad Prism®
version 5.0, San Diego, CA, USA). A P-value of <0.05 was
regarded as statistically significant.

Results

Nrf2 target genes respond to selenium supply
in the intestine of mice

Microarray analysis revealed that 48 known Nrf2 targets

were expressed more than twofold above the background in
the colon of mice (Table 2, genes with reference). In
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addition, 12 classical phase II enzymes but not yet charac-
terized as Nrf2 target genes (in Table 2 without reference)
were included in the analysis presented in Table 2, which
were up-regulated in marginal selenium-deficiency. Of these
60 genes, 41 were up-regulated (FC > 1.1 indicated in bold
in Table 2) in marginal selenium-deficiency, whereas 9 were
down-regulated (FC < 0.9). The rest was not affected.
Nineteen genes for which names are marked bold (Table 2)
were analyzed by qPCR. They were either chosen to cover
the main enzyme families summarized as phase II enzymes
or as typical Nrf2 target genes known from the literature.
According to qPCR, 14 genes were significantly regulated in
the colon by the selenium supply (Figs. 1, 2 and 3), while 5
genes were unaffected (data not shown). Up-regulation of
genes of the antioxidant defense like Hmox1, Mt2, Prdx1,
Srxnl, Sodl and Gclc could be confirmed in the colon
(Fig. 1). Expression levels were also analyzed in duodenum
as absorption of selenomethionine mainly takes place in the
proximal part of the gastrointestinal tract [39]. In fact, except
for Mt2, up-regulation in marginal selenium-deficiency was
stronger in the duodenum than in the colon, but effects were
less significant due to a higher inter-individual variance.
Also the six classical phase II enzymes Nqol, Gstal/a2,
Gstml, Gstpl, Sultlbl and Ugtla6 were up-regulated in
selenium-poor colon (Fig. 2). In the duodenum, however,
only a trend was observed for Nqo1 and Sult1bl. None of the
analyzed genes were changed by the selenium supply in the
liver, except Hmox 1, which was, in contrast to the intestine,
down-regulated in selenium-poor liver (Table 3).

The two Nrf2 selenoprotein target genes, GPx2 and
TrxR1, are special cases because their translation depends
on selenium availability and their ranking in the hierarchy.
The mRNA of both high-ranking selenoproteins GPx2 [57]
and TrxR1 [10] was significantly reduced in selenium-poor
colon with GPx2 being less affected than TrxR1. In con-
trast, mRNA of both enzymes was enhanced in selenium-
poor duodenum (Fig. 3a, b). Up-regulation of GPx2 mRNA
in selenium-deficiency was already shown in cell culture
[57]. The stability of the mRNA under limiting selenium
conditions enabled rapid re-synthesis of GPx2 in the sele-
nium-deficient cells upon repletion of selenium [57]. Both
observations can be taken as proof for the high ranking of
GPx2 in the hierarchy of selenoproteins. The expression of
Sepw1, which is not regulated by Nrf2, is down-regulated
in the duodenum and colon in accordance with its low
ranking in the hierarchy (Fig. 3c).

Up-regulation of NQO1 RNA in selenium-deficient
duodenum correlates with NQO1 protein expression
and activity

NQOL1 as prototype of Nrf2 target genes was further ana-
lyzed at the protein and activity level. In duodenum both,
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Table 2 Colon Nrf2 target genes responding to selenium supply as measured by microarray analysis

Gene name Description Acc. number P value FC Reference
Abcbla (Mdr3) ATP-binding cassette, subfamily B (MDR/TAP), member 1A NM_011076 0.139 1.11

Abcblb (Mdrl) ATP-binding cassette, subfamily B (MDR/TAP), member 1B NM_011075 0.138 1.09 [24]
Abccl (Mrpl) ATP-binding cassette, subfamily C (CFTR/MRP), member 1 NM_008576 0.0003 0.83 [15]
Abcc4 (Mrp4) ATP-binding cassette, subfamily C (CFTR/MRP), member 4 NM_001033336 0.004 1.23 [36]
Abcg5 ATP-binding cassette, subfamily G (WHITE), member 5 NM_031884 0.028 1.22 [47]
Aldhlal Aldehyde dehydrogenase family 1, subfamily Al NM_013467 0.133 1.21 [34]
Aldhla3 Aldehyde dehydrogenase family 1, subfamily A3 NM_053080 0.040 1.20

Aldhla7 Aldehyde dehydrogenase family 1, subfamily A7 NM_011921 0.028 1.12 [34, 47]
Aldh3a2 Aldehyde dehydrogenase family 3, subfamily A2 NM_007437 0.120 1.16 [47]
Aldh9al Aldehyde dehydrogenase 9, subfamily Al NM_019993 0.002 1.31

Blvrb Biliverdin reductase B (flavin reductase (NADPH)) NM_144923 0.106 1.14 [40]
Cat Catalase NM_009804 0.760 1.03 [11]
Cesl Carboxylesterase 1 NM_021456 0.109 1.20 [47]
Ces2 Carboxylesterase 2 NM_145603 0.004 0.72 [47]
Ephx1 Epoxide hydrolase 1, microsomal NM_010145 0.563 1.04 [6]
Esml Endothelial cell-specific molecule 1 NM_023612 0.011 1.16 [41]
Fthl Ferritin heavy chain 1 NM_010239 0.098 1.29 [41]
Gb6pdx Glucose-6-phosphate dehydrogenase X-linked NM_008062 0.057 1.19 [54]
Gele Glutamate-cysteine ligase, catalytic subunit NM_010295 0.048 0.80 [37]
Gclm Glutamate-cysteine ligase, modifier subunit NM_008129 0.038 0.88 [37]
Gpx2 Glutathione peroxidase 2 NM_030677 0.065 0.67 [5]
Gsr Glutathione reductase 1 NM_010344 0.401 1.12 [54]
Gss Glutathione synthetase NM_008180 0.044 0.74 [33]
Gstal Glutathione S-transferase, alpha 1 (Ya) NM_008181 0.264 1.15 [21]
Gsta2 Glutathione S-transferase, alpha 2 (Yc2) NM_008182 0.073 1.15 [21]
Gsta3 Glutathione S-transferase, alpha 3 NM_001077353 0.329 1.12 [21]
Gsta4 Glutathione S-transferase, alpha 4 NM_010357 0.001 1.18 [21]
Gstm1 Glutathione S-transferase, mu 1 NM_010358 0.272 1.22 [21]
Gstm5 Glutathione S-transferase, mu 5 NM_010360 0.027 1.30 [21]
Gstm7 Glutathione S-transferase, mu 7 NM_026672 0.080 1.29

Gstpl Glutathione S-transferase, pi 1 NM_013541 0.141 0.80 [19]
Gusb Glucuronidase, beta BC004616 0.013 1.15

Hmox1 Heme oxygenase (decycling) 1 NM_010442 0.025 1.09 [11]
Mtl Metallothionein 1 NM_013602 0.010 1.32 [59]
Mt2 Metallothionein 2 NM_008630 0.019 1.57 [59]
Natl3 N-acetyltransferase 13 NM_028108 0.001 1.21

Nat3 N-acetyltransferase 3 NM_008674 0.002 1.29

Nat8 1 N-acetyltransferase 8-like NM_001001985 0.038 1.15

Nqol NAD(P)H dehydrogenase, quinone 1 NM_008706 0.589 1.04 [11, 56]
Pgd Phosphogluconate dehydrogenase BC011329 0.007 0.72 [54]
Pir Pirin NM_027153 0.312 1.10 [18]
Prdx1 Peroxiredoxin 1 NM_011034 0.092 1.32 [20, 27]
Prdx2 Peroxiredoxin 2 NM_011563 0.229 1.20

Prdx4 Peroxiredoxin 4 NM_016764 0.026 1.34

Sod1 Superoxide dismutase 1, soluble NM_011434 0.012 1.54 [11]
Sqgstm1 Sequestosome 1 (A170 stress protein) NM_011018 0.037 1.28 [20]
Srxnl Sulfiredoxin 1 homolog NM_029688 0.128 1.17 [4]
Sultlbl Sulfotransferase family 1B, member 1 NM_019878 0.016 1.26 [2]
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Table 2 continued

Gene name Description Acc. number P value FC Reference
Sultlc2 Sulfotransferase family, cytosolic, 1C, member 2 NM_026935 0.039 1.21 [2]
Tkt Transketolase NM_009388 0.904 1.01 [18]
Txnl Thioredoxin 1 NM_011660 0.377 1.11 [26]
Txn2 Thioredoxin, mitochondrial protein UB5089 0.154 1.12 [26]
Txnrdl Thioredoxin reductase 1 (Txnrdl), transcript variant 1 NM_001042523 0.572 0.94 [17]
Ugdh UDP-glucose dehydrogenase NM_009466 0.300 1.14 [47]
Ugp2 UDP-glucose pyrophosphorylase 2 NM_139297 0.753 1.02 [47]
Ugtlal UDP glucuronosyltransferase 1 family, polypeptide Al NM_201645 0.981 1.00 [60]
Ugtla6b UDP glucuronosyltransferase 1 family, polypeptide A6B NM_201410 0.217 1.26 [11]
Ugt2b34 UDP glucuronosyltransferase 2 family, polypeptide B34 NM_153598 0.004 0.82 [47]
Ugt2b37 UDP glucuronosyltransferase 2 family, polypeptide B37 NM_053215 0.009 1.26

Ugt2b5 UDP glucuronosyltransferase 2 family, polypeptide B5 NM_009467 0.020 1.20

Genes are sorted based on gene name. Fold change (FC) numbers in bold indicate an up-regulation in selenium-deficiency (FC > 1.1). Gene

names in bold indicate analysis by qPCR. Gene names in italic point to selenoprotein genes

NQOL1 protein and activity, were significantly enhanced in
the selenium-poor group (Fig. 4), correlating with the
enhanced mRNA (Fig. 2a). In the colon, neither protein
levels nor activity were changed, indicating that the slight
increase of NQO1 mRNA is not reflected by an increased
translation and activity.

Discussion

The present study is part of an animal experiment in which
mice were fed a selenium-adequate diet meeting the RDA
for mice or a diet in which the selenium content was
reduced to about 50% [28]. Although the selenium intake
was only moderately reduced, the RNA expression of four
selenoproteins, SelW, GPx1, SelH and SelM, was distinctly
down-regulated and genes of the Wnt pathway were up-
regulated in the colon [28]. A manual analysis of the
microarray data revealed that also Nrf2 target genes and
phase II enzymes were regulated by the selenium status;
out of 60 genes expressed in the colon, 41 were up-regu-
lated accounting for 68% (Table 2). The expression of 12
selected genes for antioxidant defense and phase II
enzymes was confirmed by qPCR (Figs. 1 and 2). The
consistent up-regulation of Nrf2 target genes in marginal
selenium-deficiency is highly relevant since a suboptimal
selenium supply may also result from a low selenium diet
often consumed by humans [45]. The establishment of a
marginal selenium-deficiency is in contrast to most of the
other studies investigating the effects of either high sele-
nium supplementation or severe selenium-deficiency.
Also Burk and colleagues, who provided the first direct
link between dietary selenium-deficiency and Nrf2 activa-
tion, compared mice fed either a completely selenium-
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deficient or a -supplemented diet with 0.25 mg sodium
selenite per kg [9]. Under selenium-deficient conditions,
ARE-driven reporter gene activity as well as GST and
NQOI1 activity were strongly increased in the liver of
wild-type mice but were unchanged in Nrf2™'~ mice. The
current study revealed that already a marginal selenium-
deficiency can lead to an up-regulation of phase Il enzymes
underscoring how sensitive organisms are to changes in
selenium homeostasis.

As Nrf2 target gene expression was unaffected by a
marginal selenium-deficiency in the liver (Table 3), but up-
regulated in the intestine, it can be concluded that the
intestine reacts more sensitively to a reduced selenium
supply. In the liver of Nrf2™~ mice, most of the known
Nrf2 target genes were down-regulated, whereas mainly
enzymes for detoxification were increased in Keapl
knockdown mice characterized by an increased Nrf2 acti-
vation [47]. The authors conclude that the hepatic activa-
tion of Nrf2 is more important for detoxification than
for antioxidant defense. In the current study, a distinct
up-regulation of enzymes for the antioxidant defense was
observed in the duodenum. Since a reduced redox state
maintains intestinal epithelial cell proliferation and pre-
vents pre-mature apoptosis [3], a higher need for enzymes
of the antioxidant defense can explain the present findings.

However, also contrary findings have been reported:
Detoxifying genes were down-regulated by selenium-defi-
ciency when feeding 0.01 mg selenium/kg diet or 1 mg/kg
[44]. Thus, the selenium content differed by a factor of
100, whereas in the present study the factor was only 2.
The conflicting results (reviewed in [13]) can be explained
by the fact that a supranutritional diet can induce phase II
enzymes much more efficiently than selenium-deficiency
can do. Taking the supranutritional diet as reference for the
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Fig. 2 mRNA expression of phase II enzymes in the colon (n = 9)
and duodenum (n = 6) of selenium-poor (—Se) relative to selenium-
adequate (4Se) mice. a NADPH:quinone oxidoreductase (Nqol),
b glutathione S-transferase al/a2 (Gstal/a2), ¢ glutathione S-transfer-
ase ml (Gstml), d glutathione S-transferase pl (Gstpl), e sulfotrans-
ferase 1bl (Sultlbl), f UDP glucuronosyltransferase 1a6 a/b (Ugtla6
a/b). Gene expression was analyzed by qPCR and normalized to
Rpl13a in the duodenum and to the mean of the reference genes Hprtl
and Rpl13a in the colon. *P < 0.05; **P < 0.01; versus +Se set to 1
analyzed by unpaired Student’s #-test
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Fig. 3 mRNA expression of selenoproteins in the colon (n = 9) and
duodenum (n = 6) of selenium-poor (—Se) relative to selenium-
adequate (4Se) mice. a Thioredoxin reductase 1 (Txnrdl),
b glutathione peroxidase 2 (Gpx2), ¢ selenoprotein W (Sepw1). Gene
expression was analyzed by qPCR and normalized to Rpll3a in the
duodenum and to the mean of the reference genes Hprtl and Rpl13a
in the colon. *P < 0.05; **P < 0.01; versus +Se set to 1 analyzed by
unpaired Student’s 7-test

Table 3 qPCR results of Nrf2 target genes and phase II enzymes
analyzed in the liver

Gene FC —Se/+Se P value
Hmox1 0.68 0.04
Mt2 1.01 0.98
Prdx1 1.07 0.56
Srxnl 1.00 0.99
Sodl 1.12 0.15
Gcle 0.96 0.79
Nqol 1.06 0.63
Gstal/a2 0.94 0.63
Gstm1 1.14 0.42
Gstpl 1.09 0.55
Sultlbl 0.98 0.89
Ugtla6 a/b 0.91 0.55

Fold change (FC) of the mRNA expression in the liver (n = 9) of
selenium-poor (—Se) relative to selenium-adequate (+Se) mice. The
P-value was analyzed by unpaired Student’s r-test

deficient one, the net effect is a down-regulation in sele-
nium-deficiency.

Underlying mechanisms for the effects of low and high
selenium content appear to be different. High concentrations
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of certain selenium compounds or metabolites may directly
activate the Nrf2 pathway by modifying critical thiols in
Keapl. Reactive thiol groups can also be modified by oxi-
dation [22, 29] a situation which prevails in selenium-defi-
ciency [52, 55]. Whether a higher oxidative status in the
moderately selenium-deficient mice was responsible for the
induced Nrf2 target gene expression needs to be clarified.

The complete loss of all selenoproteins by the knockout of
the gene for the Sec-specific tRNA (Trsp) in hepatocytes
enhanced the expression of several phase II enzymes, indi-
cating that at least one selenoprotein normally suppresses the
activation of the Nrf2 pathway [50]. To lower the number of
putative candidates, Sengupta and colleagues used a second
mouse strain in which Trsp was mutated in a way that only
housekeeping but not stress-related selenoproteins were
expressed. These mice did not respond with a compensatory
up-regulation of phase II enzymes, indicating that a house-
keeping selenoprotein must prevent Nrf2 activation [50].
Since the thioredoxin reductase family belongs to the
housekeeping selenoproteins [10], a liver-specific TrxR1
knockout was analyzed for potential activation of the Nrf2
pathway. Indeed, the TrxR1 knockout resulted in both, the
nuclear accumulation of Nrf2 and the induction of 21 Nrf2
target genes [51]. mRNA levels of TrxR2, TrxR3 or thiore-
doxin were unaffected. Thus, TrxR1 appears to counteract
Nrf2 activation and/or serves as a turn-off signal for Nrf2
activation. However, TrxR1-deficient livers did not show
evidence of oxidative stress, leaving the underlying mecha-
nism unclear [51].

Selenium also influences the expression of multiple
genes coding for non-selenoproteins, which might be
involved in the specific activation of the Nrf2 pathway
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under marginal selenium-deficiency. In the previous study
[28], we found the Wnt pathway activated, indicated by the
enhanced expression of f-catenin, Dv12, Lefl and c-Myc
and the down-regulation of Gsk3f. GSK3f, a multifunc-
tional serine/threonine kinase, is not only involved in
glycogen metabolism and canonical Wnt signaling but has
also been shown to inactivate the Nrf2 pathway [23, 49].
Fyn kinase is phosphorylated and thereby activated by
GSK3p. Phospho-Fyn, in turn, phosphorylates Nrf2
resulting in the nuclear export of Nrf2 [23]. The reduced
activity of GSK3pf, which may be deduced from the down-
regulation of Gsk3f under selenium-limiting conditions in
the previous study, might lower the amount of active Fyn
resulting in nuclear accumulation of Nrf2.

The activation of the Nrf2 pathway in marginal sele-
nium-deficiency is relevant in terms of colorectal cancer
development. In a model of inflammation-triggered colo-
rectal carcinogenesis, Nrf2 ™'~ mice showed an increased
incidence, multiplicity and tumor size compared to wild
type mice [25]. On the one hand, phase II enzymes like the
GST, SULT and UGT family are involved in the conju-
gation and excretion of xenobiotic substances. Together
with the up-regulation of genes for antioxidant enzymes
like peroxiredoxins, sulfiredoxin, Sodl, Hmoxl and
metallothionein, the organism is protected from oxidative
damage. On the other hand, the Nrf2 activation may also
contribute to an increased drug export, to drug resistance
and to tumor cell survival [16, 31]. Therefore, the conse-
quence of an up-regulation of Nrf2 target genes for colo-
rectal cancer in selenium-deficiency can not be easily
defined. The activation of the Wnt pathway in selenium-
deficiency points to a cancer-promoting function of a low-
selenium status and is in accordance with the higher cancer
incidence in selenium-deficiency (reviewed in [46]).
Whether the activation of the Nrf2 pathway is the attempt
to compensate for the loss of selenoproteins with the
strengthening of the endogenous defense system or whether
it already contributes to survival of cancer cells is a chal-
lenge for further investigations.
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