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Disruption of the Selenocysteine Lyase-Mediated Selenium Recycling
Pathway Leads to Metabolic Syndrome in Mice
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Selenium (Se) is an essential trace element used for biosynthesis of selenoproteins and is acquired either through diet or cellular
recycling mechanisms. Selenocysteine lyase (Scly) is the enzyme that supplies Se for selenoprotein biosynthesis via decomposi-
tion of the amino acid selenocysteine (Sec). Knockout (KO) of Scly in a mouse affected hepatic glucose and lipid homeostasis.
Mice lacking Scly and raised on an Se-adequate diet exhibit hyperinsulinemia, hyperleptinemia, glucose intolerance, and hepatic
steatosis, with increased hepatic oxidative stress, but maintain selenoprotein levels and circulating Se status. Insulin challenge of
Scly KO mice results in attenuated Akt phosphorylation but does not decrease phosphorylation levels of AMP kinase alpha
(AMPKa). Upon dietary Se restriction, Scly KO animals develop several characteristics of metabolic syndrome, such as obesity,
fatty liver, and hypercholesterolemia, with aggravated hyperleptinemia, hyperinsulinemia, and glucose intolerance. Hepatic glu-
tathione peroxidase 1 (GPx1) and selenoprotein S (SelS) production and circulating selenoprotein P (Sepp1) levels are signifi-
cantly diminished. Scly disruption increases the levels of insulin-signaling inhibitor PTP1B. Our results suggest a dependence of

glucose and lipid homeostasis on Scly activity. These findings connect Se and energy metabolism and demonstrate for the first

time a unique physiological role of Scly in an animal model.

elenium (Se) is an essential trace element acquired through the

diet that has been implicated in brain (53), immune, and thyroid
function (49), in fertility (2), and in cancer prevention (43). Dietary
Se is found in inorganic or organic forms. Se is mostly utilized for
biosynthesis of the unique amino acid selenocysteine (Sec), which is
cotranslationally incorporated into selenoproteins (36), functioning
primarily in redox reactions. The Sec incorporation mechanism in-
volves de novo synthesis of Sec via selenophosphate (Se~P), which is
synthesized by selenophosphate synthetases (SPS) (60). Se~P is en-
zymatically attached to the O-phosphoseryl-tRNAS5¢ which is
then converted to the specific selenocysteyl-tRNAS5 ysed in the
selenoprotein translation (54, 61). Se is thought to enter the Se~P
pool for Sec biosynthesis either from diet or via recycling after seleno-
protein degradation and release of Sec.

Selenocysteine lyase (Scly) is responsible for cellular Sec de-
composition to mobilize Se for utilization in selenoprotein syn-
thesis (10, 41). Scly was first isolated and characterized from pig
liver (18) and subsequently shown to break down Sec into alanine
and selenide (41). Scly has been the target of several in vitro stud-
ies: it was reported to interact with SPS (58), and its crystal struc-
ture revealed the mechanism for the enzyme reaction specificity
toward Se (10, 46). In vivo, Scly was recently shown to be involved
in selenoprotein biosynthesis in HeLa cells (30). However, the
physiological role of Scly in cellular Se metabolism and in verte-
brate whole-body Se homeostasis remains largely unknown.

To assess the role of Scly-mediated Se recycling in vivo, we
characterized a whole-body Scly knockout (KO) mouse and ex-
amined the animal’s physiology. Surprisingly, the Scly KO mice
developed significant metabolic disturbances, such as hepatic ste-
atosis, glucose intolerance, hyperinsulinemia, and hyperleptine-
mia when maintained on an adequate Se diet. These disturbances
worsened when animals were exposed to a low dietary Se intake,
and the mice developed obesity and hypercholesterolemia. Our
results suggest that the observed detrimental metabolic effects are
possibly a consequence of inefficient selenoprotein biosynthesis,
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leading to activation of de novo lipogenesis and attenuation of
insulin signaling. Drawing from previous effects of Scly on seleno-
protein biosynthesis (30) and in light of the growing evidence
demonstrating the involvement of various selenoproteins in
mammalian glucose metabolism (8, 20, 37, 39), including gluta-
thione peroxidase 1 (GPx1) (33), selenoprotein S (SelS) (16), and
Se-transporter selenoprotein P (Seppl) (42), our results provide
insight into the connection between metabolic energy regulation
and overall Se metabolism through the previously unexplored
Scly-mediated Se recycling pathway.

MATERIALS AND METHODS

Materials. All reagents are from Sigma-Aldrich (St. Louis, MO), unless
otherwise noted.

Scly KO mouse development. C57BL/6] mice with deletion of exon 4
from the Scly gene (Scly KO) were generated by the KnockOut Mouse
Project Repository, and detailed development of the mouse was described
previously (47). Whole-body Scly KO animals were housed and bred in
our facility’s vivarium and genotyped by PCR of digested tail DNA prior
to experiments. Primer sequences for genotyping are given in Table 1.
Mice had their KO status further confirmed by quantitative PCR (qPCR)
analysis in liver, lung, testis, and spleen tissues (data not shown).

Animals. Age-matched homozygous KO mice and wild-type (WT)
homozygous littermates and/or C57BL/6] animals derived from The Jack-
son Laboratory (Bar Harbor, ME) were bred, born, and raised in our
vivarium and used in experiments after weaning in accordance with the
Institutional Animal Care and Use Committee of the University of Ha-
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TABLE 1 PCR primer sequences used in this study

Primer sequence

Target Forward Reverse

18S CGATTGGATGGTTTAGTGAGG AGTTCGACCGTCTTCTCAGC

ACC1 AAATGACCCATCTGTAATGC TCAATCTCAGCATAGCACTG
GAPDH TGACATCAAGAAGGTGGTGAA CCCTGTTGCTGTAGCCGTATTC
GLUT2 GATCATTGGCACATCCTACT ATCTTTGGTGACATCCTCAG
GLUT4 CCCCAGATACCTCTACATCA CATCCTTCAGCTCAGCTAGT

GPx1 ACAGTCCACCGTGTATGCCTTC CTCTTCATTCTTGCCATTCTCCTG
GPx4 TCTGTGTAAATGGGGACGATGC TCTCTATCACCTGGGGCTCCTC
HSL TGGAACATCACTGAGATTGA AGGGAGGTGAGATGGTAACT

LPL AGGGCATGTTGACATTTATC GGGAGTCAATGAAGAGATGA
LXRa TTCTGTCAGAGCAAAGAGCCTC ACTCCGTTGCAGAATCAGGAGA
PGCla AGCAGAAAGCAATTGAAGAG AGGTGTAACGGTAGGTGATG
PPAR« GTGTACGACAAGTGTGATCG TTTCAGATCTTGGCATTCTT
PPARYy TTGATTTCTCCAGCATTTCT TGTTGTAGAGCTGGGTCTTT

SBP2 GAAGCAGAGGGAGATACCTAAGGC GGCTCACAGCACTTTCTTGGAG
Scly TCCACTCTATGGTAAGATGCT CTGTGCAAGTGATAAAATGG

Scly KO genotyping GAGATGGCGCAACGCAATTAAT CTGGCTGTCCCTGAACTAGCTTCATA
Scly WT genotyping CACAGGTGCGGCCATGAGGG CTGGCTGTCCCTGAACTAGCTTCATA
SelK TCCACGAAGAATGGGTAGGA GCTTCTCAGAGCAGACATTTACCT
Sell CCTGACATACTTCGACCCTGA CAGTCAGGCACATGCTTATGA
SelM TGACAGTTGAATCGCCTAAAGGAG AACAGCACGAGTTCGGGGTC

SelR TTCGTCCCTAAAGGCAAAGA CATTCGCAGTCCATGTCCTA

SelS CAGAAGATTGAAATGTGGGACAGC CCTTTGGGGATGACAGATGAAGTAG
SelT TGAGGCTCCTGCTGCTTC GGTGGCGTACTGCATCTTTAAT
Selw GGTGCCTCCCCAGAATCTAC TGGGGGAATTCAGAGAGAGA
Sepl5 GCTGTCAGGAAGAAGCACAA TTTTCATCCGCAGACTTCAA

Seppl CCTTGGTTTGCCTTACTCCTTCC TTTGTTGTGGTGTTTGTGGTGG
SOCS-3 GCGAGAAGATTCCGCTGGTA CCGTTGACAGTCTTCCGACAA
SPS1 TGAACTGAAAGGCACAGGCTGC CGCAAGTATCCATCCCAATGC
SPS2 ACCGACTTCTTTTACCCCTTGG TCACCTTCTCTCGTTCCTTTTCAC
TrxR1 CCTATGTCGCCTTGGAATGTGC ATGGTCTCCTCGCTGTTTGTGG
TrxR2 GTTCCCCACATCTATGCCATTG GGTTGAGGATTTCCCAAAGAGC
TrxR3 CTTTGCAAGATGCCAAGAAA TCATGGCCTCCCAGTTGT

waii. Animals were euthanized by CO, asphyxiation or anesthetized with
tribromoethanol prior to collection of tissues or perfusion for histological
procedures, respectively. Body weight (BW) was measured prior to sacri-
fice, and white adipose tissue (WAT) and liver weights were measured
before tissues were frozen in liquid nitrogen. Female mice presented a
milder phenotype than males and were excluded from analysis for the
purpose of this report. All presented experimental data are from male
mice, except for data for liver mRNA (Table 2), which include two fe-
males.

Diets. Animals were fed standard lab chow containing 0.25 to 0.3 ppm
of Se. Diets formulated for specific Se content (Research Diets, Inc., New
Brunswick, NJ) were as previously described (24) and contained 12% kcal
of fat and 68% of kcal carbohydrate, plus 0.08 ppm of Se in casein (low) or
were supplemented with sodium selenite to contain a total of 0.25 ppm
(medium) or 1 ppm of Se (high). Food consumption was measured twice
weekly for 2 months by weighing the leftovers of 100 g of chow supplied
weekly into cages. Each cage had two to three mice, and consumption was
averaged and analyzed per cage. Diet pellets had 3.90 kcal/g, and food
intake in calories (kcal) was calculated by multiplying this factor by the
total consumed food per week.

Se content. Livers were prepared according to Exova Standard Oper-
ating Procedure 7040 for trace metals, and liver Se content was obtained
by inductively coupled plasma mass spectrometry (ICP-MS) through
comparison with internal standards at Exova Inc. (Santa Fe Springs, CA).

GPx activity assay. Total serum or liver lysate GPx activity was mea-
sured by the coupled-enzyme procedure. Briefly, 1 .l of serum or 40 ng of
liver protein was incubated at 37°C for 5 min in buffer containing 50 mM
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potassium phosphate, pH 7.4, 5 mM EDTA, 5 mM reduced glutathione, 5
pg/ml glutathione reductase, 266 wM NADPH, and 400 uM tert-butyl
hydroperoxide. The reaction was read at 340 nm in a SpectraMax M3
spectrometer (Molecular Devices, Sunnyvale, CA), and results were cal-
culated using SoftMax Pro5 software (Molecular Devices).

RNA analysis. Total RNA was extracted with TRIzol (Invitrogen Life
Technologies, Grand Island, NY) and an RNeasy Clean-Up kit (Qiagen,
Valencia, CA) and reverse-transcribed (High Capacity cDNA Reverse
Transcription; Life Technologies/Applied Biosystems, Carlsbad, CA), and
10 ng of cDNA was used in qPCR with SYBR green (Invitrogen Life Tech-
nologies). Results were calculated using the AA~“" method (where C; is
threshold cycle), normalized to 18S rRNA or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA as housekeeping genes. Mouse seleno-
protein PCR primers were described previously (25), and additional
primer sequences used in this study are found in Table 1.

GTT. Animals were fasted for 4 h prior to testing and injected with
glucose at 1 mg/g of BW. We used strips and/or a glucometer (OneTouch
Ultra; LifeScan, Milpitas, CA) for glucose tolerance test (GTT) measure-
ments at time points 0, 30, 60, and 120 min after injection. The area under
the curve (AUC) was calculated for individual mice and averaged.

Serum and liver measurements. An enzyme-linked immunosorbent
assay (ELISA) was used to measure serum insulin (Alpco Immunoassays,
Salem, NH) and leptin (Crystal Chem Inc., Downers Grove, IL). Serum
cholesterol was assayed by commercial kits (Cayman Chemical Company,
Ann Harbor, MI, and Wako Pure Chemical Industries, Osaka, Japan)
following the manufacturers’ protocols, with the two kits showing com-
parable results in their controls. Hepatic triglycerides were extracted with
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TABLE 2 Expression of selenoproteins and selenoprotein synthesis factors in the liver, eWAT, and testis of age-matched WT and Scly KO mice fed a

diet containing adequate Se

Relative expression (mean = SEM) by tissue type®

Liver eWAT Testis

Protein group and name WT Scly KO WT Scly KO WT Scly KO

Selenoproteins
GPx1 1.032 = 0.4335 7.794 £ 0.942 0.116 = 0.055 0.114 £ 0.039 0.033 £ 0.007 0.026 * 0.006
GPx4 0.304 = 0.017 1.517 £ 0.197 0.446 = 0.078 0.530 = 0.077 2.961 * 0.093 1.872 = 0.243
Sell 0.015 = 0.0006 0.057 = 0.006 0.002 * 0.001 0.002 = 0.001 0.023 * 0.004 0.028 * 0.003
SelK 0.153 £ 0.018 0.212 £ 0.021 0.019 £ 0.003 0.026 £ 0.002 0.224 = 0.047 0.183 * 0.028
SelM 0.003 = 0.0003 0.008 = 0.0003 0.013 £ 0.004 0.009 = 0.001 0.019 =+ 0.002 0.020 = 0.001
SelR 0.902 = 0.081 1.716 £ 0.202 0.156 = 0.02 0.169 = 0.05 0.013 = 0.004 0.017 = 0.003
SelS 0.019 = 0.0031 0.043 £ 0.005 0.002 £ 0.0004 0.006 £ 0.001 0.112 = 0.017 0.133 £ 0.016
SelT 0.083 + 0.014 0.285 + 0.035 0.055 * 0.021 0.041 * 0.004 0.329 * 0.046 0.285 * 0.019
Selw 0.018 = 0.003 0.031 = 0.001 0.040 * 0.01 0.019 £ 0.009 0.038 * 0.006 0.033 * 0.004
Sepl5 0.261 * 0.045 1.267 = 0.125 0.435 * 0.068 0.313 £ 0.046 0.568 = 0.081 0.678 = 0.095
Seppl 11.15 * 2.907 58.92 + 4.329 1.333 = 0.207 1.414 = 0.423 0.384 * 0.045 0.497 * 0.039
TrxR1 0.081 = 0.019 0.283 = 0.067 0.067 = 0.013 0.046 = 0.014 0.065 = 0.009 0.112 = 0.016
TrxR2 0.005 = 0.001 0.014 £ 0.002 0.002 * 0.001 0.001 = 0.0003 0.002 £ 0.001 0.002 = 0.001
TrxR3 0.021 * 0.0033 0.037 £ 0.003 0.022 * 0.004 0.017 £ 0.004 1.078 = 0.156 0.538 = 0.062

Synthesis factors
SPS1 0.015 * 0.003 0.049 £ 0.006 0.0052 * 0.001 0.0054 *+ 0.001 0.014 = 0.0005 0.013 £ 0.001
SpS2* 0.273 = 0.044 1.999 % 0.219 0.0064 = 0.001 0.0129 = 0.003 0.348 * 0.043 0.349 *+ 0.067
SBP2 0.005 = 0.001 0.015 £ 0.001 0.0021 %= 0.0004 0.0021 %= 0.0007 0.018 £ 0.002 0.018 = 0.002

@ Liver mRNA expression was normalized to 18S rRNA levels, and eWAT and testis values were normalized to GAPDH mRNA levels. Boldface indicates significant difference (P <

0.05, two-tailed unpaired  test) relative to WT values (n = 4 to 6).
b SPS2 is also a selenoprotein.

5% NP-40, followed by two rounds of 5-min incubations at 100°C, cen-
trifugation at 15,000 X g for 2 min, and measurement with a triglyceride
quantification kit (Abcam, Cambridge, MA). Insulin-degrading enzyme
(IDE) activity was detected with 5 pg of liver total protein using an In-
noZyme Insulysin/IDE Immunocapture Activity assay kit (Calbiochem,
Darmstadt, Germany). Oxidative stress was determined by measuring
lipid peroxidation end products using an OxiSelect HNE (4-hydroxynon-
enal)-His Adduct ELISA kit (Cell Biolabs, Inc., San Diego, CA), following
the manufacturer’s protocol.

Western blotting. Liver tissues were pulverized and resuspended in
CelLytic MT, sonicated, and centrifuged for 10 min at 12,000 X g, and
protein supernatant was collected. WATs were homogenized in radioim-
munoprecipitation assay (RIPA) buffer (15 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.25% sodium deoxy-
cholate), sonicated, and centrifuged for 5 min at 16,000 X g, and protein
supernatant was collected. Samples consisting of 5 to 40 g of total pro-
tein or 1 pl of serum were separated in 4 to 20% SDS-PAGE (Bio-Rad,
Hercules, CA), transferred to Immobilon-FL polyvinylidene difluoride
(IPFL) membranes (Millipore, Billerica, MA), and probed for 1.5 h
with specific antibodies. Detection and analysis of Western blots were
performed via an Odyssey Infrared Imager (Li-Cor Biosciences, Lin-
coln, NE).

Antibodies. All commercial antibodies used were diluted according to
the manufacturer’s protocols and included mouse pACC1 Ser79, ACC1,
pAkt Serd73, pAkt Thr308, Akt, AMP-activated protein kinase alpha
(AMPKa), AMPKa phosphorylated at Thr172 (pAMPKa), peroxisome
proliferator-activated receptor gamma (PPARYy), (Cell Signaling, Beverly,
MA), GPx1, GPx3 (R&D Systems), insulin (Millipore, Billerica, MA),
TATA-binding protein (TBP), PTP1B, IDE (Abcam), SelW, SPS2 (Rock-
land Inc., Gilbertsville, PA), a-tubulin, TrxR1 (Novus Biologicals, Little-
ton, CO), SelS, SelK, and B-actin antibodies (Sigma-Aldrich). Rabbit
polyclonal Scly antiserum was a kind gift from Nobuyoshi Esaki, Kyoto
University, and its development was previously described (30). The rabbit
polyclonal Seppl antibody against the N-terminal region from mouse
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Seppl expressed in bacteria was produced by Proteintech Group Inc.
(Chicago, IL). The first Sec codon (codon 59) of the N-terminal sequence
of Seppl cDNA was mutated to a cysteine codon using a QuikChange II
XL site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA),
allowing bacterial synthesis of the Cys-mutant Seppl terminating at the
second Sec. Purified protein from transformed bacteria was injected into
rabbits, and the resulting antisera were affinity purified with the antigen.
Antibody specificity was confirmed by Western blotting (data not shown)
using liver total protein from Sepp1l KO and WT mice obtained from our
colony and described previously (25).

Insulin challenge. Phosphorylated proteins were detected by Western
blotting after insulin challenge, as described previously (42). Briefly, ani-
mals were fasted for 4 h prior to injection with a sublethal dose of 10 mU/g
of BW of human insulin (Humulin R; Eli Lilly). After 20 min, mice were
sacrificed by CO, asphyxiation, and their livers were collected. The fresh
liver was homogenized in a Polytron homogenizer at 15,000 rpm in buffer
containing 20 mM Tris, 5 mM EDTA, 10 mM Na,P,0,, 1% NP-40, 1%
protease inhibitor cocktail (Sigma-Aldrich), and 1% phosphatase inhibi-
tor cocktail (Pierce-Thermo Scientific, Rockford, IL). Tissue lysates were
solubilized by continuous stirring for 1 h at 4°C and centrifuged for 60
min at 14,000 X g. Supernatants were electrophoresed as described above.

Immunohistochemistry. Liver and pancreas tissues were paraffin em-
bedded. Samples were deparaffinized for staining with hematoxylin and
eosin (H&E), and pancreas sections were unmasked by pressure cooking
with 0.01 M citric acid, pH 6, followed by 1 h of incubation with anti-
insulin (1:100, Millipore), and labeled with a Mouse on Mouse Basic kit
with Vectastain ABC and diaminobenzidine (DAB) peroxidase substrate
kits (Vector Labs, Burlingame, CA).

Statistics. Results were plotted and analyzed using Prism software
(GraphPad Software Inc., La Jolla, CA). Applied statistical tests varied
depending on experimental design and are indicated in the text or figure
legends along with P values. All results are means = standard errors of the
means (SEM).
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FIG 1 Male Scly KO mice increase fat accumulation in the WAT and liver and are glucose intolerant and hyperinsulinemic. (A) Scly KO mouse weight of the
epididymal (eWAT) and inguinal (ingWAT) fat depots. (B) Glucose tolerance test (GTT). The AUC was calculated for each mouse, averaged, and plotted as a bar
graph. (C) Histological sections of the liver stained with H&E. (D) Hepatic triglyceride levels. (E) Serum insulin levels as measured by ELISA. (F) Immunobhis-
tochemistry of pancreatic 3 cells stained with anti-insulin. (G) Insulin-degrading enzyme (IDE) activity. (H) Hepatic levels of IDE visualized by Western blotting.
Loading control, TATA-binding protein (TBP). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (by a two-tailed unpaired ¢ test). ns, not significant. Sample size is
displayed in graphs. Scale bars, 100 pm (C) and 50 pm (F). Images in these panels represent typical histology from three to four animals/group.

RESULTS

We here demonstrate the involvement of a putative cellular Se
recycling enzyme in energy metabolism in an in vivo model. It has
been suggested that Sec decomposition is a secondary path to pro-
vide Se for selenoprotein production, with diet being the primary
path (48). Based on current knowledge of Scly function (30, 41),
we predicted that genetic deletion of Scly would result in pheno-
types similar to those associated with low dietary Se intake or
disruption of Se transport (19, 23), such as male infertility and/or
neuromotor impairments. Surprisingly, genetic disruption of the
Scly gene did not impair embryonic survival, fertility, or develop-
ment as Scly KO mice gave birth to viable offspring, without
weight or size differences from birth to the juvenile stage com-
pared to their wild-type (WT) counterparts (data not shown). In
addition, Scly KO mice fed standard chow containing adequate Se
levels had no major neurobehavioral dysfunction (47).

However, after the KO mice reached ~2 months of age, differ-
ences in fat accumulation became apparent. The Scly KO mice had
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larger epididymal and inguinal white adipose tissues depots
(eWAT and ingWAT, respectively) (Fig. 1A) and slightly impaired
systemic glucose tolerance (Fig. 1B). Furthermore, histological
analysis of Scly KO liver also revealed a subtle hepatic steatosis
(Fig. 1C) with twice the amount of triglycerides in the liver tissue
(Fig. 1D).

Increased fat weight accompanied by glucose intolerance and
hepatic steatosis are the classic characteristics of imbalanced lipid
metabolism (9) and are often associated with the early stages of
metabolic syndrome, which is additionally characterized by hy-
perinsulinemia. Therefore, we investigated if insulin function was
disturbed in the Scly KO mice. In agreement with the fat accumu-
lation, fasting serum insulin levels were almost 3-fold higher in the
KO animals (Fig. 1E). The rise in serum insulin is likely a result of
compensatory increased production responding to peripheral in-
sulin resistance as we observed stronger insulin staining in pan-
creatic {3 cells of the KO mice (Fig. 1F). The liver is also the major
site of insulin degradation, a reaction carried out by insulin-de-
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FIG 2 Hepatic expression of genes that regulate energy metabolism and effects on protein levels of Scly KO mice fed an adequate-Se diet (0.25 to 0.3 ppm). (A)
qPCR analysis of nuclear receptors and coactivators PPARa, PPARYy, LXRa, and PGCla, as well as lipogenic enzyme ACC1 and glucose transporter GLUT2. (B)
PPARYy protein levels. (C) Se regulation of hepatic Akt phosphorylation in WT mice. (D) Phosphorylation levels of pAkt Ser473, pAkt Thr308, and total Akt after
insulin challenge. (E) Protein levels of pAMPKa Thr172 and total AMPKa. (F) Protein levels of pACC1 Ser79 and ACCI. All protein graphs are expressed in
arbitrary units (au) and normalized by levels of 3-actin or TBP. Protein blots in panels D and E are representative of four animals. ns, not significant. *, P < 0.05;
**, P <0.01;***, P < 0.001 (by two-tailed unpaired ¢ test, except in panel C, where one-way analysis of variance [IWA] was employed).

grading enzyme (IDE). A failure in insulin degradation could gen-
erate the hyperinsulinemia phenotype. However, insulin degrada-
tion was not affected by disruption of Scly as we did not observe
changes in either IDE activity (Fig. 1G) or protein levels in the liver
(Fig. 1H). Interestingly, mice maintained normal fasting glucose
levels (data not shown) even though hyperinsulinemia and glu-
cose intolerance were present. Taken together, these results indi-
cated that the Scly KO mice were in the early stages of metabolic
syndrome.

To further investigate the metabolic events observed in the Scly
KO mice, we determined mRNA levels of several transcription
factors known to activate lipogenic pathways in the liver, such as
peroxisome proliferator-activated receptor gamma and alpha
(PPARy and PPAR), liver X receptor alpha (LXRa), and PPARy
coactivator 1 alpha (PGCla), as well as major coordinator of he-
patic lipogenesis acetyl coenzyme A (acetyl-CoA) carboxylase 1
(ACCI) and hepatic glucose transporter (GLUT2). The transcrip-
tion factors were upregulated in the liver of Scly KO mice (Fig.
2A), while absence of Scly did not affect the expression of ACC1 or
GLUT?2 (Fig. 2A). In accord, PPARYy protein levels were higher in
the liver of Scly KO mice (Fig. 2B).

Scly KO mice were developing systemic disturbances on glu-
cose and lipid homeostasis. To determine if KO mice were devel-
oping impairment of insulin signaling and/or lipid metabolism,
we challenged animals fed standard chow with a sublethal dose of
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insulin and subsequently measured the phosphorylation levels of
Akt, the major coordinator of downstream effects of insulin sig-
naling, and AMP kinase alpha (AMPKa), the major coordinator
of lipid metabolism in the liver. We determined that Akt phos-
phorylation was not affected by Se levels in the liver (Fig. 2C) but
that Scly KO mice had decreased levels of Akt phosphorylation on
serine-473 (pAkt Ser473) and on threonine-308 (pAkt Thr308) in
liver (Fig. 2D). These changes are implicated in the attenuated
insulin response. Hepatic steatosis and hyperinsulinemia have
been linked at the molecular level to increased levels of hepatic
ACCI (27, 59, 66), which is a critical enzyme for de novo lipogen-
esis. In this process, ACCI is inactivated by AMPKa phosphory-
lation. As a result, ACCI is unable to catalyze malonyl-CoA pro-
duction, a crucial step for fatty acid biosynthesis in the liver (59).
Interestingly, with adequate Se intake, phosphorylation levels of
AMPKa on threonine-172 (pAMPKa Thr172) were unaffected as
were its levels in the Scly KO mice (Fig. 2E). Additionally, neither
ACCI levels nor phosphorylation on serine-79 (pACC1 Ser79)
was increased (Fig. 2F).

We then determined if disruption of Scly could in fact be in-
terfering with Se and/or the energy metabolism of WAT. Scly had
not been previously reported in any murine fat depot, and we here
demonstrate its presence for the first time in the eWAT of adult
WT mice and show that its expression is not regulated by Se con-
centration (Fig. 3A). Moreover, its levels in eWAT are much lower
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than in the liver, where the majority of Scly activity is found (18).
Interestingly, qPCR analysis of genes involved in lipid and glucose
metabolism regulation revealed that PPARy, ACC1, hormone-
sensitive lipase (HSL), and WAT-glucose transporter GLUT4 lev-
els were unchanged in eWAT. Only lipoprotein lipase (LPL)
mRNA levels were upregulated (Fig. 3B), possibly as a mechanism
to compensate for the increases in plasma triglycerides (14, 50).
Because Scly is involved in Sec decomposition to salvage Se for
selenoprotein production (30), we investigated whether Se levels
are altered in the Scly KO mice, thus affecting selenoprotein ex-
pression. Plasma glutathione peroxidase 3 (GPx3) and Seppl are
the main carriers of Se in the bloodstream and are generally ac-
knowledged as biomarkers for Se in the body (11, 22). In the
serum of KO animals fed an adequate Se diet (0.25 to 0.3 ppm),
GPx3 levels (Fig. 4A), GPx activity (Fig. 4B), and Sepp1 levels (Fig.
4C) did not differ from those of WT animals. Interestingly, we
detected a subtle, but significant, ~10% decrease in Se content in
the liver of Scly KO mice even though they were fed the same
Se-adequate diet as WT mice (Fig. 4D). These data indicate that

the slight reduction in Se in the liver of Scly KO mice does not
affect circulating Se or generate whole-body Se deficiency.

The fact that the KO mice presented histological changes con-
comitant to a decrease in Se content in the liver, the main site of
Scly expression and function in the body (15), led us to hypothe-
size that the diminished hepatic Se availability for selenoprotein
production could cause a decrease in selenoprotein levels. To test
this, we screened liver, eWAT, and testis tissues of Scly KO mice
fed a diet containing adequate levels of Se (0.25 to 0.3 ppm of Se)
for the expression of several selenoprotein mRNAs, including
GPx1, GPx4, thioredoxin reductase 1 (TrxR1), TrxR2, TrxR3,
Sell, SelK, SelM, Seppl, SelR, SelS, SelT, SelW, and the 15-kDa
selenoprotein (Sep15). The analysis revealed that most selenopro-
tein mRNAs were upregulated in the liver but remained un-
changed in the testis and eWAT of Scly KO mice (Table 2). Fur-
thermore, selenoprotein synthesis factors SPS1 and SPS2 (58) and
SECIS-binding protein (SBP2) (12) mRNAs were also upregu-
lated in the liver (Table 2). Interestingly, SPS2 and SelS were also
upregulated in the eWAT, suggesting modulation of their gene
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FIG 4 Selevels in the Scly KO mice fed an Se-adequate diet. (A) Western blot of serum GPx3 protein and its relative quantification. (B) Plasma GPx activity assay.
(C) Seppl levels in the serum measured by Western blotting. Ponceau S staining of blots was used to verify even loading (bottom). (D) Liver Se content measured
by ICP-MS. Each square represents one individual animal. The P value was calculated by a two-tailed unpaired ¢ test. ns, not significant.
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expression by Scly activity. Nevertheless, hepatic selenoprotein
levels were mostly maintained (Fig. 5A), except for a 10 to 15%
decrease in SelS protein levels. Despite normal selenoprotein lev-
els, Scly KO mice presented diminished antioxidant GPx activity
(Fig. 5B) with increased hepatic lipid peroxidation (Fig. 5C), in-
dicating that the liver of Scly KO mice had a compromised anti-
oxidant response in comparison to liver from their WT counter-
parts. The fact that GPx activity was diminished led to the
conclusion that, despite normal protein levels, selenoproteins
may not be efficiently translated. These results suggest that disrup-
tion of Scly may modulate, at least partially, overall efficiency of
selenoprotein expression.

Hyperinsulinemia, decreases in hepatic Akt phosphorylation,
and increases in oxidative stress were accompanied by subtle glu-
cose intolerance in these animals. Possibly, the mice were in the
early stages of metabolic syndrome, with pancreatic insulin over-
production compensating for the imbalance in glucose metabo-
lism. To test whether the dietary Se levels were masking Scly-
dependent disturbances in energy metabolism, we further
challenged Se metabolism by feeding Scly KO mice a low-Se diet
(0.08 ppm Se) containing equal amounts of fat (12% kcal) and
carbohydrate (68% kcal) for 3 months after they were weaned. We
hypothesized that, on a low-Se diet, animals would rely more on
Scly-mediated Se recycling mechanisms for maintenance of Se
homeostasis, and thus the KO would display a stronger pheno-
type. As expected, under these circumstances and compared to
age-matched WT counterparts on the same diet, Scly KO mice
developed obesity (Fig. 6A), with increased body weight (Fig. 6B),
increased fat depot weights (Fig. 6C), worsening hyperinsulin-
emia (Fig. 6D) and glucose intolerance (Fig. 6E), increased serum
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cholesterol (Fig. 6F), and aggravation of hepatic steatosis (Fig. 6G,
left panels), with a concomitant increase in liver size (Fig. 6G, right
panels and graph). In summary, disruption of Scly accompanied
by dietary Se deficiency compounded and worsened the metabolic
syndrome phenotype observed in Scly KO mice on an adequate Se
diet.

The increase in fat deposition in Scly KO animals on a low-Se
diet occurred with a subtle (~15%) alteration in food consump-
tion (Fig. 7A). Interestingly, leptin levels were found to be ~4-fold
higher than in WT mice (Fig. 7B) and ~5-fold higher in Scly KO
mice on an Se-adequate diet than in WT mice. An independent
effect of Se deficiency on leptin levels in WT mice was observed
(Fig. 7B), which may be due to increased stress accompanying Se
deficiency, as found previously in rats administered adrenocorti-
cotropin hormone (6). Despite the >3-fold increase in circulating
leptin levels when mice were fed a low-Se diet, these WT mice did
not become overweight or obese and did not exhibit signs of met-
abolic impairment, the primary characteristics correlated with in-
creased leptin levels. Increased circulating leptin leads to leptin
resistance in specific areas of the brain where the presence of the
leptin receptor controls feeding behavior and satiety. These areas
are also known to be important for metabolic regulation, such as
the choroid plexus (40) and ventromedial hypothalamus (34). To
further corroborate the localized, hepatic effects of Scly disrup-
tion, immunostaining of the leptin receptor in these areas of the
brain was performed. Scly KO mice fed an Se-adequate diet
showed no major difference in leptin receptor staining compared
to WT mice (data not shown) even though leptin levels are already
increased in circulation in these animals (Fig. 7B). Additional
qPCR analysis revealed that the expression of the leptin receptor
inhibitor protein, SOCS-3 (1), was also unchanged in the brain
but upregulated in the liver of Scly KO mice fed adequate Se (Fig.
7D). Our findings indicate that leptin signaling is activated in liver
but not in the brain. The overproduction of leptin could also be a
consequence of increased adiposity in WAT, the main site of lep-
tin production, thus contributing toward the unbalanced glucose
homeostasis observed in the Scly KO mice.

Upon maintenance on a low-Se diet, the levels of the lipid
metabolism coordinator AMPKa significantly increased in the
liver of Scly KO mice (Fig. 8A). Surprisingly, its phosphorylation
levels in fact decreased (Fig. 8A), which explains the sharp upregu-
lation in ACC1 mRNA (Fig. 8B) and the direct increase in phos-
phorylation of ACC1 (Fig. 8C) we observed in the livers of Scly KO
mice. At least under conditions of low Se availability, Scly disrup-
tion was affecting ACC1 activation, thus promoting lipogenic
pathways in the liver. In addition, in mice fed a low-Se diet, we
investigated the levels of insulin signaling inhibitor protein phos-
phatase 1B (PTP1B). PTP1B dephosphorylates the insulin recep-
tor and the insulin receptor substrate, disrupting the phosphory-
lation cascade. PTP1B activity and levels are regulated by Se levels
(44). Scly KO mice on an adequate-Se diet presented slightly
higher levels of PTP1B than WT mice, and these levels increased
3-fold when the mice were fed a low-Se diet (Fig. 8D). Thus, the
effect of Scly disruption in insulin signaling may be directly con-
nected to PTP1B.

In terms of Se involvement in metabolic syndrome, levels of
plasma Sepp1 have been shown to be elevated in human patients
with type 2 diabetes (42, 64), a pathology closely related to meta-
bolic syndrome (17). Conversely, Sepp1 KO mice were reported to
have improved glucose tolerance and insulin sensitivity in re-
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FIG 6 Scly KO mice fed a diet containing 0.08-ppm of Se for 2.5 months develop obesity, hepatic steatosis, and hypercholesterolemia and worsen their
hyperinsulinemia and glucose intolerance. (A) Photograph of age-matched KO mice and WT counterparts. (B) Body weight measurements of Scly KO and WT
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serum insulin levels. (E) Glucose tolerance test. (F) Fasting serum cholesterol levels. (G) Liver histology following H&E staining of hepatocytes under optical
microscopy left) and representative photograph of the liver showing its size (right). Liver weight is displayed as a bar graph. Scale bar, 100 wm. The image is
representative of three mice. Sample size is displayed in graphs. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-tailed unpaired ¢ test).

sponse to a high-fat diet containing similar, adequate Se levels
(42). The Scly KO mice had an ~3-fold upregulation of hepatic
Seppl mRNA levels even when fed an adequate-Se diet (Table 2),
and this increase was even higher (~10-fold) with low dietary Se
intake (Fig. 9A). However, Sepp1 protein levels in the liver did not
change (Fig. 9B). At least for the specific case of Sepp1, the mRNA
upregulation we detected was not followed by increases in protein
expression. Surprisingly, levels of Sepp1 decreased in the serum of
KO animals (Fig. 7C).

The selenoprotein GPx1 has also previously been reported to
be involved in glucose metabolism when overexpressed in the liver
(38). Glutathione from GPx activity has also been shown to
regulate PTP1B activity (45). We observed an increase in GPx1
mRNA levels in the liver of Scly KO mice fed an adequate-Se diet
(Table 2), but such increase was not accompanied by its protein levels
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(Fig. 5A). Under low dietary Se intake, GPx1 mRNA was not in-
creased in KO mice (Fig. 9D). Nevertheless, GPx1 protein levels
decreased (Fig. 9E), in spite of the metabolic syndrome pheno-
type. Moreover, SelS protein levels were also decreased in the Scly
KO mice upon low dietary Se intake (Fig. 9F) compared to WT
mice on the same diet. Surprisingly, SPS2 enzyme, which was
demonstrated previously to bind to Scly in vitro (58) and accepts
selenide, a reduced selenite, for Se~P production (57), was in-
creased in the liver of Scly KO mice (Fig. 9F). Such increase sug-
gested a direct role of SPS2 levels on Se mobilized via Scly activity.

DISCUSSION

Diet is the main source of Se, provided Se intake is adequate.
When dietary Se levels are insufficient, recycling of Se at the
expense of some proteins or tissues to prioritize the Se supply

Molecular and Cellular Biology


http://mcb.asm.org

>

= WT
= .E.Ko
S 80- . _ "
5’ ey T §600
3 l% *g
8 f T 400
£ 70 g
T 200
S S
- < 0
WT KO
sc L] T Ll L] L L L] L L] 1
0123456728910
weeks
B 2WA
Pint=0.0424
Pgenotype<0.0001
P 4iet<0.0001
25+ ek %
20~ S
£ 20-
—
g’ 15+ *%
e
= 10+ *
=
Q. 5 |
2
o 0.08 0.25
n=11-13 ’
Se (ppm)
C brain
0.012 —
0.01 -
0.08
0.06 -
< 0.04 -
= 0.02
88 T
o
= o wWT KO
né 5 0.03 1 liver >*
™ D _
2 £0.025
S 0.02
w
0.015
0.01
0.005 —
0_
n=4 WT KO

FIG 7 Leptin in Scly KO mice. (A) Food consumption measured weekly in
animals fed a low-Se diet. The AUC was calculated for individual mice, aver-
aged, and plotted as graph bar (n = 10 animals, housed in four cages). (B)
Serum leptin levels in WT and Scly KO mice after being fed on diets containing
0.08 and 0.25 ppm of Se. P,,,,, P for interaction by two-way analysis of variance.
(C) Gene expression of leptin receptor signaling inhibitor SOCS-3 in the brain
and in the liver. Sample size is displayed in graphs. RQ, relative quantification.
*, P <0.05; **, P < 0.01; ***, P < 0.001 (two-tailed unpaired t test).

where it is most essential (e.g., brain and testes) may become
prominent. Mechanisms for Se prioritization likely evolved in
concert with exposure to limited Se availability, allowing or-
ganisms to prevent deleterious effects of Se deficiency. We re-
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port for the first time the unique physiological role of the pu-
tative Se recycling enzyme Scly in vivo in liver metabolism,
particularly as a key player for the cross talk between Se and
energy metabolic pathways (Fig. 10).

By disrupting the Scly gene in a mouse, we unveiled a major
effect on lipid accumulation in fat depots and liver. As liver is the
major site of Scly production and function (18), a hepatic effect
was not entirely unexpected. In addition to liver, Scly is expressed
at high levels in testis and kidney (30). These tissues also express
significant amounts of Sepp1 and/or rely on Sepp1 as an Se source
(3). Given the similar expression profiles of Seppl and Scly and
their roles in Se transport/storage and Sec decomposition, respec-
tively, we first hypothesized that Scly KO mice would display a
phenotype similar to that of the Sepp1 KO mice, including repro-
ductive impairment (3) and neurological abnormalities, such as
seizures and impaired mobility (5, 52). Se deficiency can also re-
sult in developmental and neurological disorders (7), and Seppl
acts as a carrier to bring Se to brain and other body regions. Nev-
ertheless, we observed neither neurological (47) nor fertility im-
pairment in Scly KO mice on adequate Se intake. In contrast to the
metabolic phenotype reported here for Scly KO mice, Seppl KO
mice are smaller than their WT counterparts and have increased
Se content in the liver (52), with improved glucose tolerance and
enhanced insulin sensitivity (42). The fact that the Scly KO mouse
characteristics are the opposite of those of the Seppl KO mice is
revealing of the distinct roles and requirements of Scly and Sepp1
in Se metabolism.

Both Scly and Sepp1 are produced primarily in the liver. Sepp1
is largely secreted into the bloodstream, where it transports Se to
other organs of the body in the form of Sec residues (4). Sepp1 is a
unique protein, containing 10 Sec residues in rodents and hu-
mans, most of them clustered in the C-terminal region of the
protein. We hypothesized that disruption of Scly might decrease
Sepp1 turnover, resulting in elevated levels of this protein, but that
was not observed. Nor were the levels of other selenoproteins af-
fected, with the exception of SelS. This suggests that Se derived
from Sec decomposition is less utilized for selenoprotein transla-
tion when dietary Se is adequate. The lack of changes in these
proteins possibly indicates that dietary Se is overcoming the ab-
sence of Scly to some extent inside the liver. Since the SPS2 enzyme
has been reported to assimilate selenite from external sources
(57), thus circumventing the Scly-mediated Se recycling step, the
maintenance of SPS2 levels in Scly KO mice could explain the
milder phenotype observed under adequate Se intake and the ab-
sence of selenoprotein changes. It is also possible that, although
levels of selenoproteins are maintained, these proteins may be not
incorporating Sec properly, as previously described for TrxR1 in
Se deficiency (62). A shift in proper selenoprotein translation to-
ward a less efficient mechanism could lead to elevated oxidative
stress. This is observed in the liver of Scly KO mice upon insulin
challenge, indicating possibly that, even though levels of seleno-
proteins are maintained, Sec incorporation may be affected. It
could explain why, even without major direct impairments on
selenoprotein levels, Scly KO mice displayed a metabolic pheno-
type when dietary Se levels were adequate. Interestingly, SelS,
which has been shown to be regulated by glucose and associated
with plasma lipids (20), was found to be decreased in the liver of
Scly KO mice, while its mRNA levels were increased, suggesting a
major dependence of SelS expression on Se decomposed by the
Scly pathway. Scly may also be implicated in tissue-specific regu-
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FIG 8 Phosphorylation and protein levels of AMPKa, ACC1, and PTP1B in
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lation of selenoprotein gene transcription since we observed up-
regulation of virtually all selenoprotein mRNAs in the liver of Scly
KO mice, and only a few in eWAT and testis.

Under conditions of low dietary Se, plasma Sepp1l and several
hepatic selenoproteins have been shown to be decreased in WT
mice (63). To our surprise, low Se intake results in a further de-
cline in selenoprotein translation of plasma Sepp1, hepatic GPx1,
and SelS in the Scly KO mice compared to levels in WT mice on the
same diet. Interestingly, SPS2 levels were augmented in the livers
of these KO mice. Whether SPS2 partially compensates for the
low-Se environment remains to be explored.

Previous studies have linked hepatic selenoprotein GPx1 over-
expression (32, 38) or increased Sepp1 levels (42) to hyperinsulin-
emia, hyperglycemia, and insulin resistance. Instead, Scly KO
mice showed decreases in hepatic GPx1 and circulating Seppl
upon low dietary Se intake, when the metabolic phenotype was
more prominent. The fact that the Scly KO mice on an Se-limiting
diet develop several criteria matching a metabolic syndrome phe-
notype (e.g., obesity, hyperinsulinemia, hyperleptinemia, glucose
intolerance, hypercholesterolemia, and hepatic steatosis), despite
decreased levels of Seppl in serum, suggests that energy homeo-
stasis in our model may rely on the proper oxidative stress re-
sponse and on the action of other selenoproteins besides Seppl.
Decreases in GPx activity have also been shown to play a direct
role in the regulation of PTP1B, the major inhibitor of the insulin
receptor and insulin receptor substrate phosphorylation (45).
Binding to glutathione inhibits PTP1B activity, thus allowing the
insulin signaling to properly act on its targets. Since we observed
attenuation of Akt signaling upon insulin challenge, it is possible
that PTP1B is more active in inhibiting the insulin signaling in the
liver of Scly KO mice. Because PTP1B expression is regulated by Se
levels (44), it is also possible that the hepatic Se decline in Scly KO
mice is driving the expression of PTP1B, suggesting that Se de-
rived from Sec decomposition participates in PTP1B regulation.
Nevertheless, less GPx activity affects glutathione availability for
inhibition of PTP1B activity, favoring the insulin signaling and
hepatic lipogenic mechanisms via activation of sterol regulatory
element binding protein 1c (SREBP-1c) (45). The observed con-
flicting effect of Se deficiency and PTP1B levels suggest that addi-
tional factors may play a role in the PTP1B dependence on gluta-
thione and Se.

In metabolic terms, it remains to be further investigated if Scly
disruption affects primarily pancreatic insulin production and se-
cretion, similar to what is observed upon disruption of the seleno-
protein Dio3 gene (39) or upon overexpression of GPx1 (33). We
demonstrated that insulin degradation is unchanged in the liver of
Scly KO mice (Fig. 1G and H); thus, we ruled out this pathway as
a cause for the Scly KO metabolic phenotype, as is the case with
other KO mouse models that display hepatic steatosis (21). Alter-
natively, the presence of the fat droplets in the liver suggests a
direct effect on hepatic de novo lipogenesis. Previous studies have
shown Se supplementation as a major regulator of AMPKa phos-

increased in Scly KO mice on a diet containing 0.25 ppm of Se, and it further
increases in a low-Se diet. Phosphorylation was measured in mice challenged
with insulin. TBP and B-actin levels were used as loading controls for blots.
Sample size is displayed in the graphs, and comparison was performed by
two-way analysis of variance (A and D) and by a two-tailed unpaired ¢ test (B
and C). ¥, P < 0.05; **, P < 0.01; ns, not significant.
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phorylation in colon cancer cells (26) and skeletal muscle of dia-  ence of Scly when Se availability is scarce. However, our results of
betics rats (28). In addition, Sepp1 was pinpointed as the effector unchanged AMPKa phosphorylation with an adequate-Se diet
protein in the cross talk between Se and lipid metabolism in mice  contrast with the reported role of Seppl levels in regulating he-
via action upon AMPKa phosphorylation (42). Our data demon-  patic lipid biosynthesis. This contrast could be attributed to gen-
strate that Sepp1 levels depend at least to some extent on the pres-  der effects on Sepp1 expression (51) and hepatic Se content (65) in
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rodents. Our study was performed with male mice in contrast to
the use of only female mice to establish the involvement of
Seppl on AMPKa phosphorylation. Under conditions of low
dietary Se, however, AMPKa phosphorylation was decreased,
leading to increases in ACC1 phosphorylation, an effect that
enhances lipogenesis in the liver, and this effect occurred de-
spite the lower circulating Seppl levels. The phosphorylation
pattern of AMPKa under conditions of Se scarcity could pos-
sibly be a direct effect of Scly activity in a lipogenic step that is
enhanced by Se deprivation.

Scly KO mice on low-Se intake had high circulating leptin lev-
els and had increased food consumption, indicating that obesity
driven by Se deficiency in mice lacking Scly involved leptin-de-
pendent signaling in the liver. However, it should be noted that the
elevated food intake in the Scly KO mice is not maintained when
the number of calories ingested is normalized to the body weight
of individual mice. This discrepancy fosters the possibility that the
increase in food intake is a consequence of increases in fat depots
and, thus, enhanced leptin production and not a direct effect of
the Scly in feeding behavior as no major changes were observed in
the brain. Despite these possibilities, leptin overload in livers of
Scly KO mice is accompanied by increases in the levels of its sig-
naling inhibitor, the protein SOCS-3, which strengthens the pos-
sibility that the rise in leptin is a consequence of adiposity and not
a direct effect of Scly disruption.

Interestingly, PPARwy, a member of the nuclear steroid hor-
mone receptor family whose expression is regulated by changes in
glucose and lipid homeostasis, is increased in the liver of Scly KO
mice (Fig. 2C) but not in the eWAT. Moreover, expression of
PGCla, the coactivator of PPARY, is also increased in the liver of
Scly KO mice under conditions of Se adequacy but not in brown
adipose tissue (data not shown), an organ deeply involved in con-
trol of energy metabolism and protection from diet-induced obe-
sity (13, 42). PGCla was previously recognized as a key regulator
of Se homeostasis (35, 55), and its localized increase in the liver
further corroborates this organ as the origin of the lipid imbal-
ances upon disruption of Scly, with target organs such as eWAT
only sensing and responding to the consequences of the primary
effect in the liver. An animal transgenic model with disruption of
Scly in target tissues could help further corroborate this idea and
may reveal additional pathways where Scly is important in our
body.

The results presented here could improve our understand-
ing of the controversial influence of Se supplementation on
energy metabolism. Until recently, Se was considered a safe
supplement that could potentially prevent several diseases in
humans. However, the Selenium and Vitamin E Cancer Pre-
vention Trial (SELECT) (29) raised significant questions about
Se supplementation. The SELECT revealed that subjects who
received high doses of supplemental Se presented a trend, al-
though not significant (P = 0.16), toward increased risk of
glucose intolerance. Nevertheless, a 10-year follow-up analysis
of SELECT participants revealed both a lack of influence of Se
supplementation in the outcome of type 2 diabetes prevalence
(31) and lack of effect on prostate cancer protection (35, 56).
Even though the glucose intolerance trend was not significant,
the result was enough to allow termination of the trial after 7 to
7.5 years. These findings underscore our limited understanding
of Se regulation, specifically regarding its influence on energy
metabolism. Our findings may shed light on the glucose effects

4152 mcb.asm.org

observed in human participants of the SELECT, incorporating
the Scly-mediated Se recycling pathway into the overall complex
picture of Se regulation of energy metabolism. It is possible that
the consequent obesity we observed in our model was not seen in
the male subjects of the aforementioned trial because their Se in-
take was high enough to maintain the Scly-mediated recycling
pathway in a slightly downregulated state but not sufficient for
avoiding hyperinsulinemia, indicating a complex compartmen-
talization of Se action in the body. Further studies on the regula-
tion of Scly expression by Se in specific tissues are necessary to test
this possibility.

In conclusion, our data revealed that the Scly-mediated Se re-
cycling pathway is involved in lipid and glucose metabolism. We
also demonstrated that dietary Se deficiency exacerbates some of
the lipid disturbances that Scly disruption causes. When chal-
lenged with a low-Se diet and in the absence of functional Sec
decomposition, the KO mice developed obesity and metabolic
syndrome, with increased hepatic lipogenesis and attenuation of
insulin signaling. These data imply that Se metabolism has a sig-
nificant role in the pathogenesis of obesity. They also revealed new
insights into how the Scly-mediated Se recycling pathway could be
nonessential for Se functions such as fertility and neurological
function but necessary for balanced energy metabolism. We also
provide in vivo evidence that Scly is an enzyme involved in the
cross talk between Se and energy metabolic pathways, adding a
new nutritional and molecular perspective for understanding the
pathogenesis of metabolic syndrome.
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