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Newcastle University

UK

David J. Hughes 
University College Dublin 
Ireland

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nutrients (ISSN 2072-6643) (available at: https://www.mdpi.com/journal/nutrients/special issues/

Role Selenium Health Disease).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03936-146-5 (Hbk) 
ISBN 978-3-03936-147-2 (PDF)

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
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Selenium, Selenoproteins and Viral Infection
Reprinted from: Nutrients 2019, 11, 2101, doi:10.3390/nu11092101 . . . . . . . . . . . . . . . . . . 117

Bingyu Ren, Min Liu, Jiazuan Ni and Jing Tian

Role of Selenoprotein F in Protein Folding and Secretion: Potential Involvement in
Human Disease
Reprinted from: Nutrients 2018, 10, 1619, doi:10.3390/nu10111619 . . . . . . . . . . . . . . . . . . 151

vi



About the Special Issue Editors
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In this Special Issue of Nutrients, “The Role of Selenium in Health and Disease” covers diverse
diseases in the 8 original research articles and 2 reviews, such as cardiovascular disorders (CVD),
metabolic syndrome, obesity, cancer, and viral infection, and highlights novel potential biomarkers of
disease risk and prognosis. From a public health perspective, the different manuscripts emphasize
the already known U-shaped dose-response relationship between selenium (Se) concentration and
disease risk across different study populations from Europe [1–3], the Middle East and North Africa [4],
and Taiwan [5]. These reports therefore strengthen the importance of developing more personalized
nutritional advice targeted at individuals at risk of disease with low Se intake. The results presented
in this Issue also emphasize a need for further research into the mechanisms by which Se levels,
selenoprotein expression, and inherited genetic variation in selenoproteins and interacting pathway
genes may affect molecular pathways that either prevent or contribute to disease development. This is
explored in human cohort studies [1–3,5,6] and in animal [7] and in vitro models [8].

1. Selenium, Cardiovascular Diseases, Metabolic Syndrome, and Obesity

Although links between Se levels, selenoprotein expression, and CVD or lipid metabolism are
well established [1,2], the mechanisms supporting these associations remain unclear. Two of the
manuscripts presented in this Issue established, in distinct Northern European populations, two novel
Se-related biomarkers of risk and prognosis for CVD. Schomburg et al. identified, in a Swedish
human perspective cohort, a strong correlation between low baseline plasma levels of Selenoprotein P
(SELENOP; the major Se-transporter) and risk for all-cause mortality, CVD mortality, and a first CVD
event during the follow-up period of 9.3 (8.3–11) years [2]. Based on the known high prevalence (20%)
of low SELENOP levels in the Northern European population [2,3], these data suggest that plasma
SELENOP concentrations may be used as an early biomarker of CVD risk and, therefore, that targeted
Se supplementation could be used as a preventative measure. However, further studies are required to
determine the causal link between SELENOP levels and cardiovascular events and to assess whether
genetic variants in the SELENOP gene, known to influence Se bioavailability, affects this correlation.

Non-selenoprotein Se-binding proteins, such as Selenium-Binding Protein 1 (SELENBP1), have
been underappreciated in Se-related research, considering their significant relevance for major
physiological processes and that SELENBP1 has been previously implicated in myocardial infarction
and poor clinical outcomes from various tumour types [1]. In a distinct cohort of 75 German
patients undergoing elective cardiac surgery, a marked but transient increase in circulating SELENBP1
concentrations during the surgical process was correlated, in most patients, with the duration of
ischemia and myocardial damage. This suggests that serum concentrations of SELENBP1 could
constitute a quantitative marker for myocardial hypoxia [1]. On the contrary, high serum Se levels
were associated with metabolic syndrome and insulin resistance markers in a large Taiwanese cohort,
although markers of adiposity and lipid functions varied by sex [5].

Nutrients 2020, 12, 1049; doi:10.3390/nu12041049 www.mdpi.com/journal/nutrients1
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Further evidence of the importance of Se in lipid and energy metabolism is supported by the
observation that the enzyme selenocysteine lyase (Scly) is involved in weight gain, resistance to
anorexigenic hormone leptin, and thermogenesis [7]. Scly is responsible for the breakdown of
intracellular selenocysteine to alanine and selenide, which is in turn recycled for the synthesis of new
selenoproteins. The conditional Scly knockout (KO) model affecting agouti-related peptide-positive
neurons in the hypothalamus (Scly-Agrp KO mice) displayed a reduction in high fat diet-induced
weight gain and protection against development of leptin resistance compared with controls (mice
expressing Scly). This was linked to progressive degeneration of some Agrp neurons and in brown
adipose tissue pattern [7].

Taken together, these data provide some novel potential targets for understanding the mechanisms
by which Se affects CVD or lipid metabolism and for further investigating the potential of SELENOP
and SELENBP1 as CVD biomarkers.

2. Selenium and Cancer

Accumulating experimental and observational evidence suggests that insufficient Se intake and/or
selenoprotein genetic variations may contribute to the development of several tumours including
colorectal cancer (CRC), mediated by oxidative and inflammatory stress response selenoproteins [3].

Higher Se status levels (total serum Se levels and SELENOP concentrations) were previously
reported in a multi-centre, European prospective cohort study (EPIC) to be associated with a decreased
CRC risk. The manuscript in this issue by Fedirko et al. extends this work by describing the largest
association with CRC risk for common genetic variations related to Se metabolism in approximately
1400 cases and 1400 controls within this EPIC cohort. The study examined over 1000 single nucleotide
polymorphisms (SNPs) in 154 genes within the Se biological pathway (including all selenoprotein genes
and Se metabolic pathway genes) and interactions with serum Se status biomarkers from the previous
study. The findings provide the most comprehensive evidence to date that individual genotypes
relevant for selenoprotein expression, metabolism, and function and interaction with Se status may
affect CRC risk in a population of marginally low Se status, such as in Europe. Pathway analyses
indicated that, for genes in antioxidant/redox and apoptotic pathways, the influence of SNPs on the
disease risk is also dependent on interaction with Se status [3].

Addressing the sparse data on selenoprotein expression in CRC, Hughes and colleagues assessed
selenoprotein gene transcript levels in the neoplastic and matched mucosal tissue from Irish and
Czech colorectal adenoma (CRA) and CRC patients and examined the interaction with Se status
levels [6]. Several selenoproteins (including biological stress response and Se biosynthesis genes)
were differentially expressed in the disease tissue compared to the normal tissue of both CRA and
CRC patients, and that also showed tumour gene expression changes correlated to levels of Se or
SELENOP. Across the disease tissues from the adenoma and both cancer groups, GPX2 and TXNRD3
exhibited higher expression while GPX3, SELENOP, SELENOS, and SEPHS2 showed lower expression.
The authors concluded that selenoprotein expression changes could be used as biomarkers of functional
Se status and the colorectal adenoma to cancer transition. In survival analyses, only a higher SELENOF
expression was associated with poorer survival outcomes after cancer diagnosis. Although this did
not retain significance after multiple testing correction, there is possible biological validity to this
observation as SELENOF has been previously linked with oncogenesis [6].

Moving to innovative Se metabolism cell-line experiments, Sonet et al. suggest that selenized
lipids from plant oils (selenitriglycerides; Selol), proposed to have antineoplastic effects, may provide
natural Se supplementation as a bioavailable selenocompound with lower toxicity than chemical forms
like selenite [8]. The authors showed that Selol could be an efficient source of Se for selenoprotein
biosynthesis in immortalized kidney (HEK293) and prostate cancer (LNCaP) cell lines but not in
immortalized prostate cells (PNT1A,) possibly due to variance in lipid metabolism between the different
cell lines [8]. As transformation of various chemical species into selenide is the gateway step for further
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incorporation into selenoproteins, cell-specific Se metabolism to selenide via selenized triglycerides
requires further study.

3. Selenium and Responses to Stress

The importance of Se status in modifying the ability of an individual to respond to
stress has been linked to the development of many diseases including CVD [1,2], cancers [3,6],
and neurodegeneration [9]. As a number of selenoproteins play a crucial prevalent role in the response
to oxidative stress and the control of redox status [3,10] as well as in the maintenance of endoplasmic
reticulum (ER) stress response [9], mechanisms that alter the expression of these selenoproteins have
the potential to lead to an increased risk of disease.

In a currently highly pertinent review, considering the current pandemic of the SARS-CoV-2 virus
mediated COVID-19 disease as we write, Guillin et al. discuss the role of Se in protection from viral
contagion [10]. During viral infection, the pathogens induce oxidative stress by generating reactive
oxygen species and by altering the cellular antioxidant defences, including selenoproteins such as
glutathione peroxidases (GPx) and thioredoxin reductases. Consequently, the host’s Se requirements
increase and, in hosts deficient in Se, the oxidative stress can induce viral genome mutations, leading
to increased microbial virulence (e.g., coxsackie and influenza viruses). Other mechanisms by which
the host’s nutritional status can affect viral infection progression include reducing the ability of the
immune system to respond to the virus (e.g., human immunodeficiency virus (HIV) and hepatitis C
and B viruses). In silico data have also revealed the presence of selenoprotein genes in the genomes of
several common viruses (e.g., HIV) that resemble mammalian GPx. The function and regulation of such
viral selenoproteins remains unclear but could afford viruses protection from oxidative damage [10].

Due to the crucial role of ER stress in many cellular processes, understanding the consequences
of alteration of components of the ER stress response has the potential to lead to the discovery of
new therapeutic/nutritional targets. Seven selenoproteins are known to be present in the ER, but not
all have been well characterised. In a timely review, Ren et al. discuss the current knowledge on
ER-resident SELENOF, including its function and role in ER stress response and the regulation of its
expression [9]. The review also summarises results from genetic association studies linking genotypes
for SNPs in the SELENOF gene to risk for various cancers, Kashin–Beck disease, and AIDs progression,
with a particular focus on two well-characterised functional SNPs (rs5845 and rs5859) affecting
SELENOF protein expression. Furthermore, the authors discuss the dysregulation of SELENOF
expression in several tissue and pathologies, from cancer to neurodegeneration and immune system
diseases [9]. Future studies investigating the role of other ER-resident selenoproteins could lead to a
better understanding of mechanisms that contribute to the development of a wide range of common
complex diseases.

Overall, the studies in this Special Issue strengthen and broaden the evidence base that the risk
of several chronic diseases and viral infections may be modified by Se status, genotype, sex, and
gene variation interactions within biological pathways. Detailed investigation of Se intake levels and
metabolism is needed to more fully elucidate the relevance for disease etiopathogenesis, especially
for populations with diverse Se status levels and/or individuals with potentially at-risk disease or
protective Se pathway genotypes.

Author Contributions: Conceptualization, C.M.; Writing–original draft, C.M. and D.J.H.; Writing–review &
editing, C.M. and D.J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest. Though, combined, they are co-authors on two of
the papers in this special review [3,6], all submissions were considered impartially in this editorial commentary.
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Selenium-Binding Protein 1 Indicates Myocardial
Stress and Risk for Adverse Outcome in
Cardiac Surgery
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Abstract: Selenium-binding protein 1 (SELENBP1) is an intracellular protein that has been detected in
the circulation in response to myocardial infarction. Hypoxia and cardiac surgery affect selenoprotein
expression and selenium (Se) status. For this reason, we decided to analyze circulating SELENBP1
concentrations in patients (n = 75) necessitating cardioplegia and a cardiopulmonary bypass (CPB)
during the course of the cardiac surgery. Serum samples were collected at seven time-points
spanning the full surgical process. SELENBP1 was quantified by a highly sensitive newly developed
immunological assay. Serum concentrations of SELENBP1 increased markedly during the intervention
and showed a positive association with the duration of ischemia (� = 0.6, p < 0.0001). Elevated serum
SELENBP1 concentrations at 1 h after arrival at the intensive care unit (post-surgery) were predictive
to identify patients at risk of adverse outcome (death, bradycardia or cerebral ischemia, “endpoint
1”; OR 29.9, CI 3.3–268.8, p = 0.00027). Circulating SELENBP1 during intervention (2 min after
reperfusion or 15 min after weaning from the CPB) correlated positively with an established marker
of myocardial infarction (CK-MB) measured after the intervention (each with � = 0.5, p < 0.0001). We
concluded that serum concentrations of SELENBP1 were strongly associated with cardiac arrest and
the duration of myocardial ischemia already early during surgery, thereby constituting a novel and
promising quantitative marker for myocardial hypoxia, with a high potential to improve diagnostics
and prediction in combination with the established clinical parameters.

Keywords: trace element; biomarker; selenoprotein; metabolism; redox regulation; prediction

1. Introduction

Selenium (Se) is an essential trace element affecting the expression of selenoproteins and redox
signaling [1,2]. The metabolism of Se and the control of selenoprotein expression is complex as there
are disease-, genotype-, sex- and potentially age-specific differences in combination with a variety of
nutritional Se sources [3–7]. There are two major types of proteins related to Se, i.e., the selenoproteins
with one or more genetically encoded selenocysteine residues in their primary sequence [8] versus the
group of less-well-defined Se-binding proteins [9]. Selenium-Binding Protein 1 (SELENBP1) constitutes
the most-intensively characterized member of the latter group of proteins [10]. SELENBP1 is expressed
in most human and rodent tissues and migrates as a 56 kD band in electrophoretic analyses [11]. Its
expression levels have been associated with tumorigenesis and cancer growth [12], especially in relation
to androgen concentrations and prostate cancer [13]. A physical interaction between SELENBP1 and

Nutrients 2019, 11, 2005; doi:10.3390/nu11092005 www.mdpi.com/journal/nutrients5
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the major intracellular Se-dependent glutathione peroxidase (GPX1) has been described, functionally
connecting both groups of Se-containing proteins [14]. Several analyses have quantified SELENBP1 in
tumor tissues and report on reduced SELENBP1 expression levels in association with poor survival
in gastric [15], breast [16] and renal cancer [17]. Collectively, these studies have highlighted the
Se-dependent intracellular activities of SELENBP1 and a prognostic value of its expression levels in
tumors as a biomarker of disease severity.

Alterations in Se blood levels and differences in the concentration of extracellular selenoproteins
appear to be of similar relevance for health and disease. There are three major Se-containing
circulating proteins, i.e., the plasma glutathione peroxidase (GPX3), the Se transport protein
selenoprotein P (SELENOP) and selenomethionine-containing albumin. Under normal conditions,
SELENOP constitutes the major fraction of extracellular Se [4], whereas the contribution of
selenomethionine-containing albumin to total Se concentration in blood largely depends on the
dietary intake of selenomethionine [18]. Circulating GPX3 is mainly derived from the kidneys and
is regulated by hypoxia, oxidative stress and Se status [19]. Genetic inactivation of the murine Gpx3
gene has not resulted in a major phenotype, except for effects on Se status [20]. The inactivation of
Selenop in mice gave rise to a complex phenotype with male infertility, growth defects, oxidative stress
and neurological impairment [21,22]. In patients, low SELENOP concentrations have been observed
in sepsis [23], inflammatory bowel disease [24] or steatohepatitis [25] and shown to correlate to poor
survival in renal cancer [26], sepsis [27] or after major trauma [28].

Information on the role and regulation of extracellular SELENBP1 is sparse. A recent report
identified the protein in urine as a novel and early biomarker of acute kidney injury [29] and we
described increased SELENBP1 concentrations in patients with acute coronary syndrome at high risk
of major cardiac events [30]. Cardiac surgery negatively affects Se status and Se deficiency increases
the risk of ischaemic heart disease [31] and promotes organ dysfunction after cardiac surgery [32].
To better characterize circulating SELENBP1 as a biomarker of myocardial stress, we monitored its
concentration in patients undergoing surgery with cardioplegia-induced myocardial arrest and the
use of a cardio-pulmonary bypass (CPB) and evaluated its potential diagnostic value with respect to
convalescence and survival.

2. Materials and Methods

2.1. Patients

In this study, consecutive patients scheduled for elective cardiac surgery with a necessity for the
use of a cardiopulmonary bypass (CPB) and cardioplegia-induced myocardial arrest were invited
to participate in this analytical study. The protocol was approved by the local institutional review
board (Ethics committee, RWTH Aachen University, Germany), registered at ClinicalTrials.gov
(ClinicalTrials.gov identifier: NCT0126772), and all participants provided informed written consent.
Adult patients scheduled for elective cardiac surgery were included, and patients who were unable to
give informed consent, patients with suspicious or proven pregnancy or malignancy, and patients with
perioperative infections were excluded.

2.2. Clinical Examination, Sample Collection and Analysis

Relevant clinical data were recorded as part of the clinical routine. Serum samples were taken from
the central venous line after the induction of anaesthesia (pre-operative) 45 min after the institution of
CPB (myocardial ischemia), 2 min after opening of the cross-clamps (myocardial reperfusion), 15 min
after weaning from the CPB, as well as 1 h, 6 h and 24 h after admission to the ICU. Samples were stored
at−80 ◦C until analysis. Several routine parameters were analyzed by the clinical laboratory at Uniklinik
RWTH Aachen. SELENBP1 was measured as described earlier [30] at Institut für Experimentelle
Endokriologie, Charité - Universitätsmedizin Berlin. Intra- and inter-assay coefficients of variation of
SELENBP1 were below 10% each.
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2.3. Statistical Analysis

All statistical analyses were performed using freely available statistical software (R 3.5.1, The R
Foundation for Statistical Computing). Normal distribution of data was assessed by sample size or
visual inspection of the Q-Q plot. Welch’s t-test was applied for discrete data if normality could be
assumed. Wilcoxon’s rank-sum test was used if data was sparse or not normally distributed. When
comparing groups of categorical data, Fisher’s exact test was applied or Chi-squared test was used
for sufficiently large fields of data. Spearman’s rank correlation test was performed for testing for
correlations. Friedman’s test was used when testing for changes over time due to the data not being
normally distributed. Error bars for medians could not be shown, as the test assumes normality. In a
post-hoc analysis, all the time-points were compared to baseline using Wilcoxon’s signed-rank test.
Confidence intervals (CI) and significance were reported for an interval of 0.95 and accordingly an α of
0.05, if not stated differently. In the graphics and tables, the star symbols denote the level of significance:
*: p< 0.05, **: p< 0.01, ***: p< 0.001, and ****: p< 0.0001. The following algorithm was used to determine
quantiles: m = (p + 1)/3. p[k] = (k-1/3)/(n + 1/3), resulting in p[k] =median[F(x[k])]. Cross-tables and
empirical receiver-operator-curves (ROC) were used to establish threshold concentrations above which
the risk for adverse outcomes increased. If a threshold was found to be of diagnostic or predictive
value, the area under the curve (AUC) and p-value were calculated and reported.

3. Results

Baseline characteristics of the patients enrolled in the clinical study are provided below. The
patients underwent either a single procedure or a procedure combining two or more interventions
(Table 1).

Table 1. Clinical characteristics of patients in relation to serum selenium-binding protein
(1SELENBP1) concentrations.

Parameter Total (n = 66)
SELENBP1-Positive *

(n = 18)
SELENBP1-Negative

(n = 48)

Age (years) 65 (58–75) 65 (60–75) 66 (56–75)
Female sex (n) 23% (15) 8% (5) 15% (10)
Male sex (n) 77% (51) 20% (13) 58% (38)
BMI (kg/m2) 27 (25–31) 27 (25–32) 28 (25–30)
EUROscore 1 4 (2–6) 6 (5–8) 3 (1–6)

Duration of intervention (min) 271 (207–330) 282 (225–317) 265 (200–331)
Duration of CPB (min) 120 (85–149) 148 (126–176) 100 (83–134)

Duration of ischemia (min) 72 (58–107) 112 (93–134) 63 (58–84)
Stay in hospital (days) 9 (7–11) 11 (8–14) 9 (7–10)

Bradycardia (n) 6% (4) 5% (3) 2% (1)
Exitus letalis (n) 5% (3) 5% (3) 0% (0)
Pneumonia (n) 5% (3) 5% (3) 0% (0)

Acute kidney failure (n) 5% (3) 3% (2) 2% (1)
Wound infection (n) 2% (1) 2% (1) 0% (0)

Cerebral ischemia (n) 2% (1) 2% (1) 0% (0)

Data are expressed as % (n) or median (IQR); * SELENBP1 positive; serum SELENBP1 concentration > 0.96 nM
at 1 h after arrival on the ICU; 1 EURO score; system to assess early mortality after cardiac surgery, according to
Nashed et al. [33].

3.1. Preoperative Status of SELENBP1 Follows a Normal Distribution

The patients analyzed in this study underwent elective cardiac surgery, as opposed to an acute
emergency procedure. For this reason, it was assumed that baseline serum SELENBP1 concentrations
would follow a normal distribution before the intervention. Indeed, SELENBP1 values were normally
distributed with the 99th percentile at 0.4 nM and the mean+ 2.5 standard deviations at 0.3 nM (Figure 1),
similarly to the values reported from a healthy cohort [30]. Baseline SELENBP1 concentrations were
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not related to perioperative risk as assessed with the EUROscore (Table 1). Two outliers were identified
who started with markedly elevated baseline concentrations of circulating SELENBP1 (z = 178.2 and z
= 23.6, respectively).

Figure 1. QQ-Plot of SELENBP1 in serum at baseline. The plot indicates the distribution of serum
SELENBP1 concentrations at baseline before surgical intervention. The straight line indicates a normal
distribution (R2 = 0.96, p < 0.0001).

3.2. Intraoperative and Postoperative Kinetics of SELENBP1 Indicate a Transient Increase

The blood samples taken at different time points during and after the surgical procedure were
analyzed in order to assess the kinetics of circulating SELENBP1. The serum concentrations significantly
increased as compared to baseline over the full course of the treatment (Figure 2).

Figure 2. SELENBP1 before, during and after surgery. Median and 10th–90th percentile of serum
SELENBP1 concentrations are provided. CPB: cardio-pulmonary bypass, ICU: intensive care unit. The
values were compared to baseline by Wilcoxon’s signed-rank test. **; p = 0.0072, ****; p < 0.0001.

During intervention, serum concentrations of SELENBP1 increased by ≥20% in n = 72 of the
cardiac patients (96%, Figure 3A), and 68 patients (91%, Figure 3B) surpassed the cut-off at 0.46 nM,
determined earlier as the threshold for an increased risk of death or other major adverse cardiac
event in patients with suspected myocardial infarction [30]. The SELENBP1 concentrations increased
until 2 min after reperfusion in 61 patients (81%), and until 15 min after weaning from the CPB in
71 patients (95%). Notably, the increase was transient, highlighting an inducing stimulus of short
duration. Declining serum concentrations of SELENBP1 were observed in 65 patients (87%) within
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the first 6 h after admission to the ICU and in 70 patients (93%) within 24 h after admission to the
ICU. In total, 74 patients (99%) showed a transient increase in serum SELENBP1 concentrations after
reperfusion and qualified as responders in our hypothesis.

Figure 3. Transient SELENBP1 increased above thresholds. (A) Almost all the patients displayed
elevated serum SELENBP1 concentrations during the intervention, as judged by an increase of
at least 20% in comparison to pre-op levels, or (B) by surpassing a predefined cut-off value
(0.455 nM), or an increase by ≥20% if the pre-op level was already elevated and >0.455 nM (empirical
cumulative distribution).

3.3. Serum SELENBP1 Concentrations Correlate to the Duration of Ischemia

Cardioplegia and the CPB exert a severe stress on the myocardium and the whole organism.
Both interventions are related to ischemia of the heart and may constitute the major stimulus for

the release of SELENBP1 into the bloodstream. Accordingly, a strong association of serum SELENBP1
concentrations with the duration of ischemia was observed already at 2 min after reperfusion (� = 0.5,
p < 0.0001), and at 15 min after weaning from the CPB (� = 0.6, p < 0.0001, Figure 4). Serum SELENBP1
was slightly lower in female than in male patients at 15 min after CPB (median for female sex: 0.6 nM
vs. male sex: 0.8 nM, p = 0.043). Fewer female patients showed a rise in SELENBP1 concentrations
until 2 min after reperfusion (0.6 of female patients vs. 0.9 of male patients, p = 0.045), indicating a
slightly lower velocity. The peak values did not differ significantly between the sexes.

Figure 4. Correlation of serum SELENBP1 concentrations with duration of ischemia. Serum SELENBP1
concentrations were determined at 15 min after weaning from the CBP and are displayed in relation to
duration of ischemia. A linear correlation is observed (� = 0.6, p < 0.0001).
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3.4. Elevated Serum SELENBP1 Concentrations Predict Myocardial Damage

Circulating concentrations of SELENBP1 were unrelated to many routine laboratory markers in
patients attending the emergency ward for chest pain, like troponin T, creatinine, the heart-specific
isoform of creatine kinase (CK-MB), the liver enzymes ASAT or ALAT, white blood cell count (WBC),
potassium or others [30]. In contrast to the former study, this analysis used samples where the time
points for analysis were controlled tightly and were pre-defined, allowing a close monitoring and
comparison of the kinetic behavior of cardiac biomarkers. Serum SELENBP1 concentrations increased
already intraoperatively (2 min after reperfusion or 15 min after weaning from the CPB) and correlated
positively to the CK-MB values measured after the intervention. This result indicates that a rise in serum
SELENBP1 concentrations constituted an early event and preceded a rise in CK-MB concentrations as
a marker for myocardial damage (Figure 5).

Figure 5. Correlation of intraoperative serum SELENBP1 concentrations with heart-specific creatinine
kinase (CK-MB) after surgery. Serum SELENBP1 measured during intervention and heart-specific
CK-MB concentrations measured after intervention display a positive correlation, both to the SELENBP1
concentrations measured at (A) 2 min after reperfusion (� = 0.5, p < 0.0001), and at (B) 15 min after
weaning from the CBP (� = 0.4, p = 0.0007), respectively.

3.5. Elevated Serum SELENBP1 Concentrations Are Indicative of Adverse Outcomes

Next, the potential association of serum SELENBP1 with adverse outcomes was evaluated. The
elevated serum concentrations of SELENBP1 were significantly associated with adverse outcomes,
and predictive to discriminate patients at risk from those with negligible risk for death, bradycardia,
cerebral ischemia, stay at the ICU for > 40 days, acute kidney injury or pneumonia (Table 2).

Patients suffering from bradycardia, death, or cerebral ischemia (combined endpoint 1) displayed
markedly elevated serum concentrations of SELENBP1 at several points compared to those patients
without any of these serious events (p = 0.033 at 45 min after induction of ischemia, p = 0.0051 at 2 min
after reperfusion, p = 0.0011 at 15 min after weaning from the CPB, and p = 0.0017 at 1 h after arrival
on the ICU) (Figure 6).

10



Nutrients 2019, 11, 2005

Table 2. Association of elevated serum SELENBP1 concentrations with adverse outcomes.

Parameter
Threshold

[nM]
OR CI p PPV NPV AUC n

15 min after CPB
combined endpoint 1 * 0.988 22 3–194 0.0005 0.333 0.978 0.84 8
combined endpoint 2 * 0.820 18 2–152 0.0011 0.310 0.976 0.81 9

1 h ICU
death 2.238 124 6.2777 0.0042 0.667 0.984 0.92 2

acute kidney injury 0.889 20 1–411 0.029 0.158 1.000 0.83 4
combined endpoint 1 * 0.956 30 3–269 0.0003 0.389 0.979 0.84 7
combined endpoint 2 * 0.889 33 4–296 <0.0001 0.421 0.979 0.84 7

6 h ICU
death 1.292 63 4–1018 0.0077 0.500 0.984 0.88 3

maximal levels
bradycardia 0.988 23 1–439 0.014 0.167 1.000 0.81 5

cerebral ischemia 1.396 25 1–544 0.034 0.143 1.000 0.90 3
combined endpoint 1 * 0.988 25 3–215 0.0003 0.333 0.980 0.88 8
combined endpoint 2 * 0.968 24 3–199 0.0003 0.333 0.979 0.86 9
stay in ICU for >40 day 0.870 4 1–10 0.013 0.484 0.795 0.70 14

* Combined endpoints; combined endpoint 1 comprises bradycardia, death, and cerebral ischemia; combined
endpoint 2 comprises bradycardia, death, cerebral ischemia, as well as acute kidney injury. OR; odds ratio; CI,
confidence interval; PPV, positive predictive value; NPV, negative predictive value, AUC, area under the curve.

Figure 6. SELENBP1 before, during and after cardiac surgery in relation to outcome. Elevated
serum SELENBP1 concentrations are associated with adverse events during the full course of surgery,
especially directly after reperfusion, after weaning from the CPB, and shortly after arriving on the ICU.
Adverse events comprise death, cerebral ischemia, bradycardia (p = 0.033 for 45 min after induction of
ischemia, p = 0.0051 for 2 min after reperfusion, p = 0.0011 for 15 min after weaning from the CPB, and
p = 0.0017 for 1 h after arrival on the ICU) (AUC; 0.8). **; p < 0.01, *; p < 0.05.

The clinical data along with the information on serum SELENBP1 were finally used to conduct a
Receiver-Operator-Curve (ROC) analysis for predicting adverse events on the basis of elevated serum
concentrations of SELENBP1 (Figure 7).
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Figure 7. Receiver-Operator-Curve (ROC) analysis for SELENBP1 predicting adverse events. The
receiver-operator-analysis for SELENBP1 concentrations and adverse events (death, cerebral ischemia,
bradycardia) indicates a relatively meaningful predictive value (AUC; 0.8).

4. Discussion

In this study, circulating SELENBP1 concentrations were monitored in patients undergoing cardiac
surgery along the time span from preparation for the intervention until 24 h after arriving at the ICU.
The surgical intervention involved a CPB, and this procedure constitutes a clinical model for ischemia
and reperfusion. Importantly, all time points could be reliably analyzed as the patients were not
arriving at the hospital after an adverse incidence but underwent an elective and tightly scheduled
procedure. To our surprise, a strong increase in serum SELENBP1 concentrations was detected in all
but one patient. The SELENBP1 concentrations in serum reflected the myocardial damage already
during surgery and nicely correlated with the levels of the heart-specific isoform of creatine kinase
(CK-MB) measured after the intervention. The comparison of serum SELENBP1 concentrations with
the duration of ischemia indicated an almost linear relationship, suggesting that serum SELENBP1
constituted a reliable novel marker of myocardial stress.

This notion is supported by the strong association of circulating SELENBP1 levels during and
directly after the procedure, with a higher mortality risk and incidence rate of adverse events, including,
e.g., length of stay at the ICU, bradycardia or cerebral ischemia. The thresholds with good positive
and strong negative predictive power were in the same range as determined before in relation to
chest pain and suspected myocardial infarction [30]. Collectively, serum concentrations of SELENBP1
seem to reliably indicate severe cardiac damage in patients, whereas no relevant amounts of serum
SELENBP1 were detectable under control conditions in healthy subjects where SELENBP1 is located
intracellularly [10,14,34]. Notably, the increased levels and fast kinetics of circulating SELENBP1 were
not affected by traditional risk-factors and the baseline values did not reflect perioperative risk as
assessed by the EURO-Score [33], supporting the notion that circulating SELENBP1 reflects acute
events rather than indicating chronic risk-related factors. It remains to be studied whether the extent
of SELENBP1 release is related to baseline Se status, as determined by the activity of circulating
GPX3, SELENOP or total serum Se concentrations, and whether SELENBP1 is increased in chronic
inflammatory heart disease as a potentially valuable prospective biomarker.
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The previous study indicated that elevated serum concentrations of SELENBP1 in patients
suspected of myocardial infarction were indicative of a higher mortality and other major adverse
cardiac events [30]. There were no significant correlations with the commonly used clinical markers,
such as troponin, as measured with a high-sensitivity assay, aspartate aminotransferase, creatinine,
fibrinogen, prothrombin time or blood cell counts [30]. Consequently, we assumed that the stimulus
for the release of SELENBP1 into the bloodstream should be different from necrosis of cardiomyocytes,
which would be associated with increased circulating cardial troponins. The fast appearance of
SELENBP1 already during surgery and the linear relationship between circulating SELENBP1 and the
duration of myocardial ischemia suggests that SELENBP1 may have been released by cardiomyocytes
upon stress and before necrosis. This hypothesis is supported by the moderate linear correlation
of serum SELENBP1 during surgery to CK-MB measured at later time-points and the biologically
plausible time span needed for necrosis to occur in response to hypoxia and acidosis [35].

Heart tissue is not the only potential source of extracellular SELENBP1, as urinary SELENBP1
was described as a new biomarker of heavy metal-induced kidney injury, where the protein increased
strongly in the renal cortex after mercury administration in a rodent model of nephrotoxicity [36]. The
authors propose urinary SELENBP1 as a novel sensitive and specific biomarker for early stages of
kidney injury before irreversible damage has taken place [29,36]. Accordingly, serum SELENBP1 may
indicate severe and acute noxae to cardiomyocytes at an early time point before the onset of necrosis,
i.e., at a time when protective measures may possibly reverse the path to cell death. In this context, it
may be speculated that a secretion of SELENBP1 caused an associated decline of intracellular Se stores,
thereby depriving the cardiomyocyte of the trace element with essential importance for antioxidative
defense systems [37]. This notion is supported by clinical studies, where supplementation with Se
along with coenzyme Q10 significantly reduced cardiovascular mortality in a prospective randomized
double-blind controlled intervention study in European seniors [38].

There was an unexpected small difference between male and female patients concerning the velocity
of the increase. However, peak values were similar and larger studies are needed in order to elucidate
whether SELENBP1 secretion into the circulation constitutes another example of sex-specific differences
in Se metabolism and selenoprotein expression [5]. The initial symptoms, disease development and
mortality risk upon myocardial infarction show strong sex-specific differences that attenuate with age,
highlighting sex as an important modifier of cardiovascular physiology and heart disease course [39].
It will therefore be important to conduct larger studies with both male and female patients in order to
elucidate the importance of sex and age for the increase of circulating SELENBP1 concentrations, its
dynamics and predictive value.

A limitation of this clinical study constitutes the relatively small sample size, limiting the results
to testing the major hypothesis without providing the power for detailed and stratified analyses of
subgroups of patients or sex-specific differences. A major strength of this study was the reliable,
sensitive and highly reproducible analytical technique used, i.e., the novel luminometric immunoassay
used for SELENBP1 quantification, which is based on specific monoclonal antibodies and is therefore
available for verification analyses and additional clinical studies.

5. Conclusions

In this study, the kinetics and modifying factors of circulating SELENBP1 in response to myocardial
injury were characterized. Increased concentrations reflected the duration of ischemia and myocardial
damage, and reliably identified patients at risk of adverse outcomes. It is hoped that these insights will
be useful for improving the care of cardiac surgery patients and help to identifying individuals with
high risks for adverse events in order to raise increased attention and enable fast curative measures
when first signs of worsening of the clinical condition become apparent.
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Abstract: Selenoprotein-P (SELENOP) is the main carrier of selenium to target organs and reduces
tissue oxidative stress both directly and by delivering selenium to protective selenoproteins. We tested
if the plasma concentration of SELENOP predicts cardiovascular morbidity and mortality in the
primary preventive setting. SELENOP was measured from the baseline exam in 2002–2006 of the
Malmö Preventive Project, a population-based prospective cohort study, using a validated ELISA.
Quintiles of SELENOP concentration were related to the risk of all-cause mortality, cardiovascular
mortality, and a first cardiovascular event in 4366 subjects during a median (interquartile range)
follow-up time of 9.3 (8.3–11) years using Cox proportional Hazards Model adjusting for cardiovascular
risk factors. Compared to subjects in the lowest quintile of SELENOP, the risk of all three endpoints was
significantly lower in quintiles 2–5. The risk (multivariate adjusted hazard ratio, 95% CI) decreased
gradually with the lowest risk in quintile 4 for all-cause mortality (0.57, 0.48–0.69) (p < 0.001),
cardiovascular mortality (0.52, 0.37–0.72) (p < 0.001), and first cardiovascular event (0.56, 0.44–0.71)
(p < 0.001). The lower risk of a first cardiovascular event in quintiles 2–5 as compared to quintile 1
was significant for both coronary artery disease and stroke. We conclude that the 20% with lowest
SELENOP concentrations in a North European population without history of cardiovascular disease
have markedly increased risk of cardiovascular morbidity and mortality, and preventive selenium
supplementation studies stratified for these subjects are warranted.

Keywords: Selenoprotein-P; selenium; cardiovascular disease; prevention; supplementation

1. Introduction

Selenium (Se) is an essential micronutrient of fundamental importance for human health [1].
A small group of proteins contains selenium as the 21st proteinogenic amino acid selenocysteine in
their primary sequence at the active site, e.g., the glutathione peroxidases, thioredoxin reductases,
iodothyronine deiodinases, and others [2]. These so-called selenoproteins are encoded by a set of
25 genes in humans [3]. Inherited defects causing reduced selenoprotein biosynthesis lead to a complex
disease syndrome with myopathic features, male infertility, abnormal thyroid hormones, and signs
of increased oxidative stress associated with high ultraviolet light (UV) radiation sensitivity and
eventually neuronal loss [4].

The trace element is supplied by a regular diet; however, selenium intake levels differ strongly
around the world due to biogeochemical differences [5]. Accordingly, the Se status of different
populations depends on their soil quality as well as on the origin and pattern of the diet. Most of
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Europe, Africa, and Asia are considered as insufficiently supplied in contrast to e.g., the United States or
Canada, partly reflected in genetic adaptations in populations residing in very selenium poor areas [6].

A low selenium intake causes insufficient expression of selenoproteins, low Se concentrations
in the circulation and tissues, as well as an increased risk for certain diseases including colorectal
cancer [7], autoimmune thyroid disease [8] or a sub-responsive immune system [9]. Different biomarkers
are available for Se status assessment, of which total serum or plasma selenium concentrations
and selenoprotein P (SELENOP) levels are established and considered as most reliable [10,11].
Circulating SELENOP mainly derives from hepatocytes and serves a Se transport function. Target cells
express SELENOP-receptors that belong to the family of lipoprotein receptor-related proteins and
can thereby become preferentially supplied with the essential trace element under Se-deficient
conditions [12]. In addition, SELENOP also shows enzymatic activity and may protect vascular
endothelial cells from oxidative and nitrosative stress and damage [13].

However, SELENOP status has not been studied yet with respect to cardiovascular disease (CVD),
and there is a lack of large prospective studies in the primary preventive setting for the potential
relationship between SELENOP and mortality [14]. Given the role of SELENOP as functional marker of
Se status and availability, and the need for a large enough group of healthy subjects with sub-optimal
Se supply, we tested the association of SELENOP with cardiovascular disease in a large European
prospective cohort study.

2. Materials and Methods

2.1. Study Population

The Malmö Preventive Project (MPP) is a Swedish single-center prospective population-based
study. Between 1974–1992, in all 33,346 citizens of the city of Malmö in Southern Sweden
were included. The recruited subjects were screened for traditional cardiovascular risk factors.
Between 2002–2006, all subjects alive were invited for a re-examination in which 18,240 individuals
participated. This re-examination in 2002–2006 forms the baseline exam of the current study. Here,
cardiovascular risk factors were assessed, and plasma was separated and frozen to −80 degrees for later
analyses. Approval was granted by the Regional Board of Ethics, Lund, Sweden (#2009/633). Of the
18,240 subjects, we excluded 2087 subjects who had had a cardiovascular disease event (coronary
artery disease, myocardial infarction or stroke) prior to the baseline exam leaving 16,153 individuals.
Of these, 15,743 had complete data on cardiovascular risk factors, from whom a random sample of
4500 subjects was selected for analysis of SELENOP, among whom 4366 had a stored EDTA-plasma
available in which SELENOP was subsequently analyzed (Supplementary Figure S1).

All study subjects signed oral and written informed consent to participate and to publish the
results, and the study protocols were approved by the Regional Board of Ethics in Lund, Sweden.

2.2. Clinical Examination and Assays

Participants underwent a medical history, physical examination, and laboratory assessment.
Blood pressure was measured using an oscillometric device twice after 10 min of rest in the supine
position. Diabetes mellitus was defined as fasting plasma glucose 7.0 mmol/L or above, a self-reported
physician diagnosis of diabetes, or use of anti-diabetic medication. Cigarette smoking was elicited
by a self-administered questionnaire, with current cigarette smoking defined as any use within
the past year. Measurements of fasting serum total cholesterol, high density lipoprotein (HDL)
cholesterol, and triglycerides were made according to standard procedures at the Department of
Clinical Chemistry, Skåne University Hospital. low density lipoprotein (LDL) cholesterol was
calculated according to Friedewald’s formula. Plasma SELENOP concentrations were measured in
fasted ethylene-diamine-tetraacetic acid (EDTA)-plasma using a validated ELISA (selenOtest ELISA,
selenOmed GmbH, Berlin, Germany) characterized recently in detail [15], which was independently
proven as a highly reliable commercial assay [16]. Corresponding selenium concentrations were
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measured in a subsample of 284 subjects using total reflection X-ray fluorescence (Picofox S2,
Bruker nano) as described [7].

2.3. Endpoints

The baseline plasma concentration of SELENOP was analyzed in the study sample of
4366 individuals free of any of the primary outcomes in question in relation to three primary outcomes:
a first cardiovascular event, all-cause mortality and cardiovascular mortality (for event definitions, see
below). In secondary analyses, we separated the cardiovascular disease endpoint into incidence of
coronary artery disease (CAD) and stroke. The endpoints were retrieved through record linkage of
the personal identification number of each Swedish individual and the Swedish Hospital Discharge
Register (SHDR), the Swedish Cause of Death Register (SCDR), the Stroke in Malmö Register, and the
Swedish Coronary Angiography and Angioplasty Registry (SCAAR). These registers were previously
described and validated for classification of outcomes [17–19]. CAD was defined as fatal or nonfatal
myocardial infarction, death due to ischemic heart disease, percutaneous coronary intervention (PCI),
or coronary artery bypass grafting (CABG), whichever came first. Stroke was defined as fatal or
nonfatal stroke. Follow-up for outcomes extended to 31 December 2014. Cardiovascular death was
defined a main cause of death diagnosis, according to the death certificate, between codes 390–459 of
the International Classification of Disease (ICD) version 9 or within the I-chapter of ICD version 10.

2.4. Statistics

We measured the concentration of SELENOP in plasma from the baseline examination (between
2002–2006) of 4366 subjects of the Malmö Preventive Project who were free from prior cardiovascular
disease. Quintiles of SELENOP (lowest quintile defined as reference) were related to risk of (1) all-cause
mortality, (2) cardiovascular mortality, and (3) a first cardiovascular disease event (fatal or non-fatal
myocardial infarction or stroke, coronary revascularization or death due to coronary heart disease)
during follow-up using Cox Proportional Hazards Models adjusted for age, gender, current smoking,
systolic blood pressure, use of antihypertensive medication, diabetes mellitus, LDL-cholesterol,
HDL-cholesterol, and body mass index. Correlation between plasma concentration of SELENOP and
Se was tested using Spearman’s correlation. Statistical analysis was performed using SPSS (v22.0;
IBM Corp., Armonk, NY, USA). A two-sided p < 0.05 was considered significant.

3. Results

Baseline characteristics of the study population, stratified for quintiles of baseline SELENOP
plasma concentration, are shown in Table 1. The most evident difference according to baseline SELENOP
quintile was a smoking prevalence of 28% in the lowest quintile of SELENOP as compared to 16–18% in
the other four quintiles. Furthermore, there were slight but significant linear or non-linear differences
between SELENOP quintiles for age, gender, diabetes mellitus, LDL-cholesterol, HDL-cholesterol,
and body mass index (Table 1).

During a median (interquartile range) follow-up time of 9.3 (8.3–11) years, a total of 1111 deaths
occurred. The largest number of deaths was observed in SELENOP quintile 1 (n = 314). The number of
deaths decreased with higher quintiles and the lowest number of deaths was recorded in quintile 4
(n = 175), followed by a nominal increase in the number of deaths in quintile 5 (n = 215) (Table 2).
In multivariate adjusted analyses, the risk of all-cause mortality was highly significantly lower in each
of SELENOP quintiles 2–5 compared to the lowest SELENOP quintile with the lowest point estimate of
the hazard ratio in quintile 4.
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Table 1. Baseline clinical characteristics according to quintile (Q) of concentration of Selenoprotein-P
(SELENOP) at baseline of the subjects analyzed who were without history of cardiovascular disease.

Q1 Q2 Q3 Q4 Q5
p p-Trend

(n = 873) (n = 873) (n = 874) (n = 873) (n = 873)

SELENOP 1 (mg/L)
3.7

(0.4–4.3)
4.7

(4.3–5.1)
5.5

(5.1–5.9)
6.3

(5.9–6.9)
7.7

(6.9–20) n. a. n. a.

Age (years) 70 ± 6.4 69 ± 6.4 69 ± 6.1 69 ± 6.1 70 ± 6.1 <0.001 0.01
Gender, n (%) male 594 (68) 641 (73) 587 (67) 633 (73) 553 (63) <0.001 0.04

Current smoking, n (%) 240 (28) 157 (18) 149 (17) 146 (17) 143 (16) <0.001 <0.001
Systolic blood pressure (mmHg) 147 ± 21 147 ± 20 146 ± 21 146 ± 20 147 ± 20 n. s. n. s.

Antihypertensive medication, n (%) 311 (36) 277 (32) 321 (37) 289 (33) 278 (32) n. s. n. s.
Diabetes Mellitus, n (%) 86 (9.9) 83 (9.5) 79 (9.0) 103 (12) 115 (13) 0.024 0.007

LDL-cholesterol (mmol/L) 3.62 ± 0.98 3.73 ± 0.96 3.74 ± 0.93 3.74 ± 0.97 3.71 ± 0.99 0.043 n. s.
HDL-cholesterol (mmol/L) 1.37 ± 0.42 1.34 ± 0.39 1.36 ± 0.38 1.39 ± 0.39 1.44 ± 0.43 <0.001 <0.001
Body Mass Index (kg/m2) 26.9 ± 4.6 27.3 ± 4.2 27.5 ± 4.3 27.0 ± 3.8 27.0 ± 4.1 0.034 n. s.

1 SELENOP; plasma concentration of selenoprotein P, Q; quintile, LDL; low density lipoprotein, HDL; high density
lipoprotein, n. a.; not applicable, n. s.; non-significant.

Table 2. Population quintile (Q) of SELENOP in relation to all-cause mortality, cardiovascular mortality
and a first cardiovascular event in subjects without history of cardiovascular disease at baseline in
multivariate adjusted models.

Parameter
Q1 Q2 Q3 Q4 Q5

(n = 873) (n = 873) (n = 874) (n = 873) (n = 873)

SELENOP 1 (mg/L)
3.7 4.7 5.5 6.3 7.7

(0.4–4.3) (4.3–5.1) (5.1–5.9) (5.9–6.9) (6.9–20)

ALL-CAUSE MORTALITY

Number of events 314 214 193 175 215

Hazard Ratio (95% CI) 1.0 0.73 *** 0.66 *** 0.57 *** 0.69 ***
(ref) (0.61–0.87) (0.55–0.79) (0.48–0.69) (0.58–0.82)

CARDIOVASCULAR MORTALITY

Number of events 106 66 66 53 60

Hazard Ratio (95% CI) 1.0 0.65 ** 0.66 ** 0.52 *** 0.59 **
(ref) (0.48–0.89) (0.48–0.89) (0.37–0.72) (0.43–0.81)

FIRST CARDIOVASCULAR EVENT

Number of events 188 157 145 115 140

Hazard Ratio (95% CI) 1.0 0.79 * 0.75 * 0.56 *** 0.70 **
(ref) (0.64–0.98) (0.61–0.94) (0.44–0.71) (0.56–0.87)

1 SELENOP; plasma concentration of selenoprotein P; CI, confidence interval. All analyses were adjusted for
age, gender, current smoking, systolic blood pressure, use of antihypertensive medication, diabetes mellitus,
LDL-cholesterol, HDL-cholesterol, and body mass index. * p < 0.05; ** p < 0.01; *** p < 0.001.

Similar patterns were observed for the crude and multivariate adjusted endpoint analyses of
cardiovascular mortality (345 events) and risk of a first cardiovascular event (745 events), respectively,
with significantly lower risks in each of SELENOP quintiles 2–5 compared to the bottom SELENOP
quintile and the lowest point estimate of risk in SELENOP quintile 4 (Table 2). The individuals of each
of SELENOP quintiles 2–5 had significantly lower risks as compared to the individuals of the lowest
SELENOP quintile Q1 (Figure 1).

For this reason, we subsequently compared subjects of the lowest SELENOP quintile (SELENOP
deficiency) with all subjects of SELENOP quintile 2–5 (normal SELENOP). In multivariate adjusted
analyses, subjects with SELENOP deficiency as compared to subjects with normal SELENOP plasma
concentration had a hazard ratio (95% confidence interval) of 1.51 (1.32–1.72) (p = 1.2 × 10−9) for all-
cause mortality; 1.61 (1.32–2.09) (p = 1.7 × 10−5) for cardiovascular mortality, and 1.43 (1.21–1.69)
(p = 2.7 × 10−5) for first cardiovascular event. When breaking up cardiovascular events into its
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two components, subjects with SELENOP deficiency were at significantly increased risk of both
coronary artery disease (490 events) [1.27 (1.03–1.57) (p = 0.025)] and stroke (305 events) [1.57 (1.21–2.02)
(p = 0.001)].

Figure 1. Kaplan Meier analysis for mortality risk in relation to Selenoprotein-P (SELENOP) status.
Over the course of up to 12.5 years, the cumulative rates of mortality differed between the lowest
quintile (Q1) of SELENOP plasma concentrations and the higher quintiles (Q2–Q5). A quantitative
analysis is found in Table 2.

In the subsample in which both SELENOP and selenium was measured there was significant
correlation between the two parameters of Se status (R = 0.66, p = 4.0 × 10−37) (Figure 2).

Figure 2. Correlation analysis between SELENOP and Se concentrations. A subset of 284 plasma
samples was analyzed for both SELENOP and Se concentrations. The two biomarkers of Se status
correlate strongly across the study cohort, indicative of sub-optimal Se intake (Spearman’s correlation
coefficient; r = 0.6604).

Even though all analyses were adjusted for cardiovascular risk factors including smoking, we
subsequently performed stratified analyses in smokers and non-smokers in order to make sure the
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elevated risk for cardiovascular morbidity and mortality in subjects with SELENOP deficiency was not
caused by their higher smoking rates (Table 1).

Interestingly, among non-smokers SELENOP deficiency was significantly associated with all-cause
mortality [1.56 (1.33–1.82) (p = 2.9 × 10−8)], cardiovascular mortality [1.88 (1.44–2.45) (p = 3.0 × 10−6)]
and first cardiovascular event [1.47 (1.21–1.79) (p = 1.1 × 10−4)], whereas the association between
SELENOP deficiency and the three main endpoints was weaker or non-significant among smokers
(Table 3).

Table 3. Association of SELENOP status in relation to major endpoints in non-smokers vs. smokers.

Parameter Non-Smokers (n = 3531) Smokers (n = 835)

SELENOP-Deficient vs. Normal Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p-Value

All-cause mortality 1.56 (1.33–1.82) <0.001 1.35 (1.05–1.74) 0.018
CVD mortality 1.88 (1.44–2.45) <0.001 1.23 (0.70–1.80) NS

First CVD event 1.47 (1.21–1.79) <0.001 1.32 (0.95–1.82) NS

CVD, cardiovascular disease.

4. Discussion

We report a strong association between low SELENOP concentrations and the risk for all-cause
mortality, cardiovascular mortality and a first cardiovascular event in a large group of adult Swedish
subjects with no history of cardiovascular events prior to baseline, i.e., in a primary preventive
setting. The low at-risk quintile (SELENOP Q1) identified is characterized by serum SELENOP
concentrations below 4.3 mg/L SELENOP, corresponding to serum Se concentrations of less than
70 μg/L. These thresholds for the lowest quintile are similar to the corresponding values determined in
the European prospective investigation of cancer and nutrition cohort (EPIC) [7]. Here, an analysis of
966 patients and 966 matched controls from eight different European countries identified an increased
risk for colorectal cancer in the lowest quintiles of SELENOP and selenium concentrations, respectively,
i.e., below a concentration of 3.6 mg/L of SELENOP or below 67.7 μg/L of total Se [7]. The slightly
lower boundaries of SELENOP Q1 in the EPIC analysis may be related to the tendency that Northern
European populations are better supplied with selenium than the subjects in central or southern parts
of Europe [7].

A total serum selenium concentration in the range of 70 μg/L is known to indicate a sub-optimal
expression of circulating selenoproteins including the glutathione peroxidases and SELENOP [10,20,21].
Full expression of SELENOP requires higher selenium intakes than that required for GPX1 or GPX3
saturation, and SELENOP is therefore considered as the most suitable protein-based biomarker of Se
status becoming maximally expressed at serum or plasma selenium concentrations of 125μg/L [10,20,21].
This concentration is found only in very few subjects of the population studied, and a linear association
of plasma selenium concentrations with SELENOP levels is observed, indicating deficiency (Figure 2).
In general, serum selenium concentrations of 125 μg/L or more are rarely observed in Europe, and a
considerable fraction of the population is considered as selenium- deficient. The intake required for
reaching a selenium status that might provide optimal protection from selenium-deficiency related
diseases is unknown, but a U-shaped interaction between health risks or benefits and Se status is
widely accepted [1,22,23]. Interestingly, Finland started a population-wide selenium supplementation
effort more than 30 years ago and raised the average plasma selenium concentration from around
70 μg/L in 1985 to current levels of around 111 μg/L [24]. Our data suggest that this decision was most
likely taken wisely, as hereby many subjects will have been promoted from the at risk quintile Q1
determined in this study to a higher SELENOP status. Yet, our study is reporting associations only,
and should not be mis-interpreted as proof of causality.

Our results contribute a novel aspect to the abundant literature on selenium status and
cardiovascular disease [25]. Specifically, we provide evidence on the potential relevance of the
selenium transporter SELENOP in relation to cardiovascular morbidity and mortality. SELENOP may
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modify cardiovascular disease risk by several mechanisms [26]: It transports selenium to vital tissues
that are equipped with receptors (megalin or APOER2) for SELENOP uptake, thereby increasing
intracellular selenoprotein biosynthesis for improving antioxidative defense and protein quality control
systems [12]. SELENOP exhibits GPX activity and is capable of catalyzing degradation of phospholipid
hydroperoxides, thereby protecting cell membrane integrity [27] and LDL-particles from oxidation [28].
SELENOP is also known to reducing peroxynitrite [29], and to associate with the extracellular matrix
via a heparin binding domain [30]. Finally SELENOP binds heavy metals like Cd, As, and Hg thereby
reducing oxidative stress and avoiding toxic damage in the circulation [31]. Especially the latter notion
has been supported by a recent study with Hg-exposed Inuit, where subjects with high selenium intake
and status were less hypertensive and displayed reduced stroke and myocardial infarction rates as
compared to those with a lower selenium status [32].

Our results align with prior studies on the inverse relation of certain selenoproteins with
cardiovascular disease risk. In a prospective study of >600 patients with suspected coronary artery
disease, GPX1 erythrocyte activity was related to the risk of cardiovascular events, independent from
smoking status [33]. Similarly, circulating levels of the extracellular GPX isoform (GPX3) were inversely
related to the risk of cardiovascular events in patients with atrial fibrillation in a prospective cohort
study with 909 patients [34]. Notably, both studies had been performed in countries with insufficient
selenium intake, i.e., Germany and Italy, respectively. The recent data from the Minnesota Heart Survey
also indicate that selenium status in the form of GPX3 activity is inversely correlated to cardiovascular
disease mortality even in a selenium replete population [35]. GPX3 is a valid biomarker for chronic
kidney disease, contributing to overall selenium status and affecting systemic oxidative stress [36].
Notably, renal GPX3 expression depends on liver-derived SELENOP [37], and SELENOP should thus
be considered as a more direct and reliable biomarker of selenium status [38].

While an inverse relation between selenium status and cardiovascular disease risk is found in
most of the clinical studies, the results from intervention trials are ambiguous [39]. A recent meta-
analysis showed that selenium supplementation does not generally reduce cardiovascular disease risk,
probably due to the inclusion of results from studies conducted in areas with relatively high baseline
selenium status without selecting individuals with low selenium status [40].

In combination with the findings from selenium-replete subjects where a positive interaction of
very high selenium status with hypertension has been observed [41], and lowest mortality risk is seen
in subjects with lowest Se levels [42], our data reinforce the idea of a U-shaped interaction between
selenium status and mortality risk. Specifically, our study highlights the lower boundary of selenium
intake and selenium status (Figure 3). The cardiovascular disease and mortality risks of the majority of
our study subjects were independent of the selenium status, indicating that their selenium status was
within the plateau phase connecting selenium-deficiency from selenium-oversupply. However, about
20% of subjects, i.e., the ones residing in the lowest quintile Q1, exhibited a strongly increased health
risk and may profit from supplemental selenium.

This notion has several potential clinical implications: (1) Subjects with potentially low selenium
intake should be tested for SELENOP deficiency and advised with respect to taking natural selenium rich
products or supplements. (2) There is a need for randomized controlled trials (RCT) in selenium-deficient
populations specifically in subjects with SELENOP concentrations corresponding to SELENOP Q1, to
verify that selenium-containing supplements or a selenium-rich diet can increase SELENOP levels
and thereby reduce cardiovascular disease risk in these subjects. (3) Natural, environmental and
pharmacological modifiers of SELENOP expression need to be identified in order to better control
selenium status and be tested in relation to cardiovascular disease risk. Our study has limitations.
Due to the observational nature of the study, we cannot prove that the associations between SELENOP
and the study endpoints are causal. For this, RCTs targeting the low SELENOP segment of the
population are needed. Moreover, the MPP included more men than women and our study population,
surveyed 2002–2006, represents survivors from the original baseline examination 1974–1992 and thus
the subjects enrolled are likely healthier than the background population.
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Figure 3. Presumed U-shaped interaction of Se status and CVD risk. The present study indicates a
highly increased risk for cardiovascular endpoints in subjects residing in the lowest quintile (Q1) of
SELENOP status as compared to the other subjects with higher SELENOP status (Q2–Q5). The figure
presents both the plasma SELENOP and corresponding total Se concentrations. The green shaded area
denotes the results from the current study, whereas the red shaded part presents an extrapolation of
published studies from areas with higher baseline selenium status.

5. Conclusions

We conclude that in a North European population without history of cardiovascular disease,
the 20% with lowest SELENOP concentrations have markedly increased risk of cardiovascular
morbidity and mortality. Rather than population-wide supplementation strategies, clinical trials testing
if cardiovascular morbidity and mortality can be reduced in subjects belonging to this low SELENOP
stratum, are warranted.

6. Patents

Dr. Bergmann reports being president of Sphingotec GmbH, which holds the patent rights for the
use of Selenoprotein-P in prediction of cardiovascular disease. Prof. Melander reports being listed as
inventor on the same patent application.
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Abstract: Selenium, an essential trace element known mainly for its antioxidant properties, is critical
for proper brain function and regulation of energy metabolism. Whole-body knockout of the selenium
recycling enzyme, selenocysteine lyase (Scly), increases susceptibility to metabolic syndrome and
diet-induced obesity in mice. Scly knockout mice also have decreased selenoprotein expression levels
in the hypothalamus, a key regulator of energy homeostasis. This study investigated the role of
selenium in whole-body metabolism regulation using a mouse model with hypothalamic knockout
of Scly. Agouti-related peptide (Agrp) promoter-driven Scly knockout resulted in reduced weight
gain and adiposity while on a high-fat diet (HFD). Scly-Agrp knockout mice had reduced Agrp
expression in the hypothalamus, as measured by Western blot and immunohistochemistry (IHC).
IHC also revealed that while control mice developed HFD-induced leptin resistance in the arcuate
nucleus, Scly-Agrp knockout mice maintained leptin sensitivity. Brown adipose tissue from Scly-Agrp
knockout mice had reduced lipid deposition and increased expression of the thermogenic marker
uncoupled protein-1. This study sheds light on the important role of selenium utilization in energy
homeostasis, provides new information on the interplay between the central nervous system and
whole-body metabolism, and may help identify key targets of interest for therapeutic treatment of
metabolic disorders.

Keywords: agrp; hypothalamus; leptin; scly; selenium; selenoprotein; thermogenesis; type 2 diabetes

1. Introduction

The trace element selenium (Se) is a vital micronutrient that promotes redox balance and protects
cells from oxidative stress. Selenium is required for the synthesis of selenoproteins, which function
in a wide range of biological processes, such as thyroid hormone metabolism [1], fertility [2], and
inflammation [3]. While altered Se status and selenoprotein expression have been associated with
metabolic disorders such as type 2 diabetes (T2D) and obesity in humans, the mechanisms underlying
this relationship are not well understood [4]. In animal models, various metabolic disturbances
can be induced by the targeted disruption of different selenoproteins [5–8], as well as the enzyme
selenocysteine lyase (Scly) [9], which is important for intracellular Se utilization [10]. Scly catalyzes
the breakdown of the amino acid selenocysteine into alanine and selenide, to be used for de novo
selenoprotein synthesis [11,12]. Genetic deletion of Scly in mice results in a striking metabolic
phenotype that includes glucose insensitivity and hyperinsulinemia, as well as a greater propensity
to develop metabolic syndrome, with males exhibiting more drastic changes [9]. Scly knockout (KO)
mice are also more susceptible to high-fat diet (HFD)-induced obesity and related complications [13].
Selenoprotein expression is reduced in several tissues of Scly KO mice, including the hypothalamus,
a brain region involved in the regulation of energy metabolism [14]. Growing evidence depicts an
association between hypothalamic damage and obesity in both humans and rodents [15].
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The importance of Se for proper brain function is well documented [16] and a prominent role
for selenoproteins in the hypothalamus is supported by several recent studies. Tagashita et al.
demonstrated that broad hypothalamic KO of the selenocysteine-tRNA (Trsp) in mice causes an
overweight phenotype [17]. Schriever et al. found that conditional KO of the selenoprotein glutathione
peroxidase 4 (GPx4) in agouti-related peptide (Agrp)-positive neurons in the hypothalamus exacerbates
diet-induced obesity [18]. Additionally, selenoprotein M (SelM) was found to support hypothalamic
leptin signaling [19], which may underlie the obesity phenotype observed in SelM KO mice [7].
Circulating leptin acts upon neurons in the hypothalamus, including inhibiting Agrp neurons, to
promote a negative energy balance. Resistance to the anorexigenic actions of leptin is one of the
hallmarks of obesity and is strongly associated with T2D [20]. Hypothalamic oxidative stress and
endoplasmic reticulum (ER) stress have been implicated as causative factors in leptin resistance
development [21], implying that Se may play an important role in maintaining leptin sensitivity.
Hypothalamic dysfunction, including impaired leptin signaling, may therefore contribute to the
metabolic phenotype of Scly KO mice.

Known as ‘first-order neurons’ in sensing energy homeostasis signals to the brain, Agrp neurons are
located within the arcuate nucleus (Arc) and the median eminence (ME) of the hypothalamus, placing
them in close proximity to circulating hormones and nutrients in the bloodstream [22]. Interestingly,
Agrp neurons have been shown to be particularly susceptible to developing leptin resistance compared
to other neuron types [23]. To explore the potential contributions of hypothalamic dysfunction to the
metabolic phenotype of whole-body Scly KO mice, we generated a mouse line with Cre-driven Agrp
neuron-specific KO of Scly (Scly-Agrp KO mice). Male and female mice were investigated in parallel
to characterize any potential sex difference. The results discussed in this report highlight an important
role for hypothalamic Scly in mediating HFD-induced weight gain and leptin resistance in mice.

2. Materials and Methods

2.1. Animals

Agrptm1(Cre)Lowl/J mice with IRES inserted in exon 3 of the Agrp gene were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) [24]. Agrptm1(cre)Lowl/J mice were cross-bred with C57/BL6J
mice with loxP sites flanking the Scly gene (Sclyfl/fl) to generate male and female Sclyfl/fl; Agrp-Cre mice
(Scly-Agrp KO mice). Littermates with the Scly gene floxed, but lacking the cre-driver (Sclyfl/fl; Agrp-WT)
were used as controls. Comparison of control male mice (Sclyfl/fl; Agrp-WT) versus mice containing the
cre-driver without the Scly gene floxed (SclyWT; Agrp-Cre) demonstrated that the cre-driver did not
impact HFD-induced weight gain. Although female SclyWT; Agrp-Cre mice gained weight at a faster
rate than Sclyfl/fl; Agrp-WT mice, this trend was in opposition to the effect observed in experimental
(Sclyfl/fl; Agrp-Cre; Scly-Agrp KO) mice and, thus, did not account for the main findings of the study.

Mice were maintained on a 12-h light/dark cycle and allowed ad libitum food and water access.
Sterilized glucose, leptin, and vehicle control (phosphate-buffered saline) were administered via
intraperitoneal (i.p.) bolus injection. Mice were either anaesthetized with tribromoethanol via i.p.
injection prior to transcardial perfusion or euthanized via CO2 asphyxiation prior to fresh tissue
collection. All animal experiments and procedures were conducted with the approval of the University
of Hawaii’s Institutional Animal Care and Use Committee (IACUC). Animal Care and Use Committee
(IACUC) Protocol: APN 09-871-9, approved: 16 August 2018. Institutional Biosafety Committee (IBC)
Protocol: IBC #18-10-544-02-4A-1R, approved: 23 October 2018.

2.2. Experimental Design

Mice were weaned at 21 days, fed standard lab chow until 4 weeks of age, then switched to a
high-fat diet (HFD) chow containing 45% kcal fat and an energy density of 4.7 kcal/g (Research Diets,
New Brunswick, NJ, USA; D12451). Body weight was measured at 10:00 every 14 days thereafter.
At 16 weeks of age, in vivo metabolic phenotyping was carried out using metabolic chambers to
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monitor food intake and respiratory metabolism. A glucose tolerance test (GTT) was performed at
18 weeks of age and mice were sacrificed at 24 weeks of age for tissue collection. Mice were fasted
overnight for 16 h (18:00 until 10:00 the next day) and injected intraperitoneally with either leptin
(1 mg/kg body weight; R & D Systems, Minneapolis, MN, USA; 498-OB) or the vehicle (sterilized
phosphate-buffered saline) without leptin 1 h prior to sacrifice. Tissue was either fixed via perfusion
for immunohistochemical assays or snap-frozen in liquid nitrogen for Western blot analysis.

2.3. Metabolic Chambers

Food intake, activity, and respiratory metabolism were measured in mice using the PanLab
OxyletProTM System (Harvard Apparatus, Barcelona, Spain) per the manufacturer’s instructions. Mice
were placed in individual homecage-like chambers, with fresh bedding, food, and water, and allowed
to acclimate for 24 h, followed by 48 h of data collection. Cage air was sampled for 7-mi epochs every
35 min to measure oxygen and carbon dioxide concentrations. Data were collected and analyzed with
Panlab METABOLISM software (Vídeňská, Prague, Czech Republic).

2.4. Glucose Tolerance Test

Mice were fasted overnight for a total of 16 h (18:00 until 10:00 the next day). At 10:00, blood was
drawn via tail vein puncture and baseline glycemia measured using a OneTouch Ultra2 glucometer
(Lifescan, Milpitas, CA, USA). Mice were then administered glucose (1 g/kg body weight) via
intraperitoneal bolus injection and glycemia measured at 30 min, 1 h, 2 h and 3 h post-injection.

2.5. Tissue Collection and Processing

Prior to tissue collection, final body weight and body length were recorded. For
immunohistochemical analysis, mice were euthanized with tribromoethanol (1%, 0.1 mL/g body
weight), blood collected via cardiac puncture, and perfused transcardially with phosphate buffer,
followed by 4% paraformaldehyde (PFA) in phosphate buffer. Brains were collected in 4% PFA for
overnight post-fix followed by dehydration via sucrose gradient, then cut into 40 μm floating coronal
sections using a cryostat. Floating sections were stored in a cryoprotective solution (50% 0.1 M
phosphate buffer, 25% glycerol, 25% ethylene glycol) until analyzed. Brown adipose tissue (BAT)
was collected and stored in 4% PFA for several days before being paraffin-embedded and cut into
5 μm sections. For Western blot analysis of fresh-frozen tissue, mice were euthanized with CO2, blood
collected and inguinal white adipose tissue removed and weighed. Brains were placed in 30% sucrose
on ice for 1 min, then the hypothalamus was dissected and snap-frozen in liquid nitrogen.

Frozen hypothalami were pulverized using the CryoGrinder kit (OPS Diagnostics, Lebanon, NJ,
USA; CG 08-01). Individual brain parts were placed in the ceramic mortar on dry ice and ground
into powder using the ceramic pestle. The powder was added to a tube containing 300 μL CelLytic
MT Mammalian Tissue Lysis/Extraction Reagent (Sigma, St. Louis, MO, USA; C-3228) containing a
protease/phosphatase inhibitor cocktail (1:100; Cell Signaling, Danvers, MA, USA; 5872) and sonicated
with 20 one-second pulses at 5 Hz, separated by one second each, using a Fisher Sonic Dismembrator
Model 100 (Fisher Scientific, Hampton, NH, USA). Samples were then centrifuged at 14,000× g for
10 min at 4 ◦C and supernatant was collected and stored at −80 ◦C for Western blotting.

2.6. Gel Electrophoresis and Western Blotting

Hypothalamic lysate samples containing 40 μg of protein were separated on 4%–20% gradient
polyacrylamide TGX gels (BIO-RAD, Hercules, CA, USA; 5671094) via electrophoresis and transferred
to 0.45 μm pore size Immobilon-FL polyvinylidene difluoride membranes (Millipore, Burlington, MA,
USA; IPFL00010). Membranes were incubated in PBS-based blocking buffer (LI-COR Biosciences,
Lincoln, NE, USA; P/N 927) for 1 h and then probed with primary antibodies overnight at 4 ◦C with
shaking, followed by washing with PBS containing 0.01% Tween 20 (PBS-T). Blots were incubated
with infrared fluorophore-bound secondary antibodies in the dark, washed again with PBS-T, and
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analyzed using the Odyssey CLx Imaging System (LI-COR Biosciences). After the phosphorylated
signal transducer and activator of transcription 3 (pSTAT3) was measured, membranes were stripped
(Re-Blot Plus Strong Solution; Millipore, Burlington MA, USA; 2504) and then probed for STAT3 to
generate a pSTAT3/STAT3 ratio.

2.7. Immunohistochemistry and Histology

For the detection of proteins by 3,3′-diaminobenzidin (DAB), endogenous peroxidases were
inactivated with 1% H2O2 in methanol. Sections were blocked in normal goat serum and incubated
overnight at 4 ◦C in primary antibody. Next, sections were probed with the appropriate biotinylated
secondary antibodies, then incubated with an avidin-biotin-peroxidase complex (Elite ABC Kit; Vector
Labs, Burlingame, CA, USA; PK-6100). DAB chromogen (DAB Substrate Kit; Vector Labs; H-2200) was
used for peroxidase detection of immunoreactivity. Finally, sections were rinsed with PBS, mounted
on glass slides, dehydrated by ethanol gradient followed by xylene, and cover-slipped.

To visualize BAT morphology, 5 μm sections were stained with hematoxylin and eosin (H & E).
To evaluate UCP1 levels, sections were placed in a 60 ◦C oven for 30 min, deparaffinized with xylene
and ethanol, and incubated in 1% H2O2 in methanol for 30 min. Antigen retrieval was performed
with 0.01 M citric acid (pH 6) and sections were blocked using an avidin/biotin blocking kit (Vector
Laboratories, Burlingame, CA, USA; SP-2001), followed by incubation with primary antibody and
then biotinylated secondary antibody. DAB staining was performed as described above to visualize
protein expression and sections were counterstained with hematoxylin before being dehydrated and
cover slipped.

For verification of KO of Scly in Agrp neurons, we performed immunofluorescence on a
free-floating section from subjects with Agrp-driven expression of the fluorescent dTomato protein.
Sections were blocked with normal goat serum, followed by incubation with goat anti-mouse antibody
(Jackson Laboratories, West Grove, PA, USA; 115-007-003). Anti-Scly primary antibody was coupled
with Alexa Fluor 488 fluorescent secondary antibody (Abcam, Cambridge, MA, USA; ab150113)
(1:2 ratio) for 30 min, non-coupled secondary antibody quenched with mouse serum, and the antibody
complex was then added to the sections and incubated overnight at 4 ◦C with shaking. Representative
images were captured on a Leica TSP SP8 HyVolution Confocal Microscope (Leica Biosystems, Buffalo
Grove, IL, USA).

2.8. Stereology and Data Quantification

Sections at bregma −1.46 mm were used for analysis of the Arc, median eminence (ME),
ventromedial hypothalamus (VMH), and dorsomedial hypothalamus (DMH) (illustrated in
Supplementary Figure S3). To analyze the paraventricular nucleus (PVN) and periventricular nucleus,
sections at bregma −0.94 mm were used. Analysis was performed with Stereo Investigator Software
(MBF Bioscience, Williston, VT, USA) on an upright microscope (Axioskop2; Zeiss, Oberkochen,
Germany). To quantify Agrp neurons, sections at bregma −2.46 mm were visualized with a 5× objective
lens, then the total number of dTomato-positive cells were counted in the arcuate nucleus (Arc) of
either the left, right or both hemispheres and the mean was calculated for each subject. To measure
the optical density of pSTAT3 and Agrp immunoreactivity, 5× brightfield images were captured and
imported into ImageJ software. Images were converted to black-and-white, inverted and the mean
value per pixel measured within each region of interest. The ImageJ plugin Cell Counter was used to
count pSTAT3-positive cells.

The simple random sampling workflow in Stereo Investigator was used to take up to 10 images of
BAT sections stained with H&E. Images were analyzed using the FIJI (ImageJ v2) plugin Adiposoft to
count and measure the size of individual lipid droplets, and values were averaged for each subject.
To measure UCP1 optical density, images were converted to black-and-white, inverted and the mean
pixel value for the entire image was measured. Lipid droplets have the potential to bias data since they
comprise a significant percentage of each image and do not express UCP1. To account for this, the
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mean pixel value for an individual lipid droplet was measured, multiplied by the area of the image
filled by lipid deposition, and this value was subtracted from the optical density measured for the
entire image to calculate the overall intensity of UCP1 staining.

2.9. Antibodies

The following primary antibodies were used: rabbit anti-mouse Agouti-related protein
antiserum (1:1000; Alpha Diagnostic International, Inc., San Antonio, TX, USA; AGRP11-S), rabbit
anti-phospho-STAT3 (Tyr705) (D3A7) (1:1000; Cell Signaling, Danvers, MA, USA; 9145), rabbit
anti-STAT3 (D1A5) (1:1000; Cell Signaling, Danvers, MA, USA; 8768), mouse anti-selenocysteine lyase
(32) (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-136394), rabbit anti-β-actin (13E5)
(1:5000; Cell Signaling, Danvers, MA, USA; 4970), rabbit anti-uncoupling protein 1 (1:500; Abcam,
Cambridge, MA, USA; ab10983).

2.10. Statistical Analysis

Statistical tests and sample numbers varied with each assay performed and are indicated in the
figure legends. Generally, data sets were analyzed by two-way ANOVA to detect changes caused by
genotype and either sex or leptin treatment, and graphed accordingly. Tukey’s multiple comparisons
test was used for post-hoc analysis, unless a repeated measures design analysis was performed, in
which case, Bonferroni’s multiple comparisons test was used. In cases of immunohistochemical
analysis of brain sections, separate two-way ANOVAs were performed for each hypothalamic region
to compare genotype and leptin response. Sex-wise statistical comparisons were not performed on
DAB-stained brain sections since staining was performed separately. Data were analyzed and plotted
using GraphPad Prism version 7 software. All results are represented as mean ± standard error of the
mean (SEM). Significance was determined by a p-value of <0.05. Sample sizes, ‘n’, reported in graphs
and figure legends, represent biological replicates. Technical replicates (images from a single section)
were sampled from BAT sections, as described in Section 2.8 above, and the mean was calculated for
each biological specimen.

3. Results

3.1. Scly-Agrp KO Are Resistant to HFD-Induced Weight Gain

Knockout of Scly was verified via immunofluorescence (Supplementary Materials Figure S1).
Scly-Agrp KO mice and littermate controls were placed on HFD beginning at 4 weeks of age and
metabolically evaluated thereafter. Surprisingly, both male and female Scly-Agrp KO mice gained less
weight while on HFD than controls (Figure 1A,B), and had reduced inguinal fat deposits (Figure 1C).
A comparison of the total body weight of both sexes of control and Scly-Agrp KO mice on HFD over
time gave the same result (Supplementary Materials Figure S2C,D). Body length and the ratio of body
weight to length were also reduced in Scly-Agrp KO mice (Supplementary Materials Figure S2E,F).
Despite gaining less weight, Scly-Agrp KO mice did not exhibit any change in food consumption,
although there was a downward trend in females during the dark phase (Figure 1D–G). While there
were no significant changes in glucose tolerance (Supplementary Materials Figure S2G–I), fasting
serum leptin levels trended towards a decrease in Scly-Agrp KO mice, possibly reflecting a change in
leptin sensitivity (Figure 1H). Overall, metabolic characterization of Scly-Agrp KO mice revealed an
anorexigenic phenotype that is in stark contrast to whole-body Scly KO mice.
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Figure 1. Metabolic characterization of high-fat diet (HFD)-fed Scly-Agrp knockout (KO) vs. control
mice. (A) Weight gain on a high-fat diet in male Scly-Agrp KO mice vs. controls. Two-way ANOVA:
genotype ### F(1,308) = 14.24, p = 0.0002; (B) Weight gain in females. Two-way ANOVA: genotype
#### F(1,341) = 48.88, p < 0.0001; (C) Inguinal fat deposits, expressed as percent body weight, by sex
and genotype. Two-way ANOVA: genotype # F(1,26) = 5.48, p = 0.03; (D) Food consumption over a
48-h period in male mice. Gray shading indicates dark cycle; (E) Comparison of total intake in males
by cycle: Two-way ANOVA: genotype F(1,26) = 1.349, p = 0.26; (F) Food consumption in female mice;
(G) Comparison of total intake in females by cycle. Two-way ANOVA: genotype F(1,20) = 2.118, p = 0.16,
interaction F(1,20) = 2.303, p = 0.14; (H) Fasting serum leptin levels in male and female mice by genotype.
Two-way ANOVA: genotype F(1,26) = 3.188, p = 0.086. All data are represented as mean ± standard
error of the mean. Group numbers are indicated in each graph.

3.2. Scly-Agrp KO Mice Do Not Exhibit HFD-Induced Leptin Resistance in the Arcuate Nucleus.

High-fat diet consumption promotes leptin resistance in rodents [25,26]. Western blot analysis of
whole-hypothalamus lysates from leptin-injected (1 mg/kg body weight) control mice fed a HFD did
not reveal a significant change in phosphorylation of the leptin signaling protein signal transducer and
activator of transcription (pSTAT3), indicating that the mice had developed leptin resistance. Scly-Agrp
KO mice fed a HFD, however, exhibited an increase in pSTAT3 in response to leptin, demonstrating
that leptin sensitivity was maintained in this group (Figure 2A,B). Immunohistochemical interrogation
of hypothalamic regions (see Supplementary Materials Figure S3 for anatomical delineation) revealed
that control mice developed leptin resistance in the arcuate nucleus (Arc) and median eminence
(ME), which contain the Agrp neuron cell bodies (Figure 2C–E). The dorsomedial hypothalamus
(DMH) and ventromedial hypothalamus (VMH), both leptin-responsive regions that do not contain
Agrp neurons, maintained leptin sensitivity. Scly-Agrp KO mice, on the other hand, exhibited a
robust increase in pSTAT3 in all regions, including the Arc, in response to leptin (Figure 2C–E). This
same effect was observed whether measuring pSTAT3 optical density or counting pSTAT3-positive
cells (Supplementary Materials Figure S4). These results indicate that while HFD induced Arc- and
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ME-specific leptin resistance in control mice, Scly-Agrp KO mice were protected from developing
leptin resistance.

Figure 2. Leptin challenge-induced signaling in the hypothalamus of HFD-fed Scly-Agrp KO vs.
control mice. (A) Western blot analysis of phosphorylated STAT3 (pSTAT3) levels in hypothalamic
protein lysates from male mice, following intraperitoneal (i.p.) injection of leptin (Ob, 1 mg/kg body
weight) or vehicle control (VEH, phosphate-buffered saline). Two-way ANOVA: leptin treatment
F(1,9) = 3.26, p = 0.1; (B) pSTAT3 levels in female hypothalamic protein lysates. Two-way ANOVA:
leptin treatment ### F(1,13) = 18.01, p = 0.001; (C) Sample images of hypothalamic sections stained for
pSTAT3 at 10× magnification; (D) Optical density of pSTAT3 measured in male mice in the arcuate
nucleus (Arc): Two-way ANOVA: leptin F(1,9) = 5.889, p = 0.038, interaction F(1,9) = 5.537 p = 0.043,
median eminence (ME): interaction F(1,9) = 8.409, p = 0.018, ventromedial hypothalamus (VMH):
leptin F(1,10) = 15.02, p = 0.003, and dorsomedial hypothalamus (DMH): leptin F(1,8) = 27.9, p = 0.0007;
(E) pSTAT3 optical density in female mouse; Arc: Two-way ANOVA: leptin F(1,10) = 8.777, p = 0.014, ME:
leptin F(1,8) = 10.35, p = 0.012, interaction F(1,8) = 8.4 p = 0.02, VMH: leptin F(1,10) = 36.54, p = 0.0001,
and DMH: leptin F(1,8) = 19.96, p = 0.002. All data are represented as mean ± standard error of the
mean. Group numbers are indicated in graphs. Group numbers for (D,E) ranged from 3–5. Tukey’s
multiple comparisons test: * p < 0.05, ** p < 0.01.
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3.3. Scly-Agrp KO Mice Have Less Agrp Neurons and Reduced Hypothalamic Agrp Immunoreactivity
Compared to Controls

The under-weight phenotype displayed by Scly-Agrp KO mice while on HFD suggests that the
overall influence of Agrp neurons may be reduced. The Scly-Agrp KO mice also have Agrp-Cre-driven
expression of a dTomato reporter gene. The number of dTomato-positive cells trended towards
a reduction in hypothalamic sections from Scly-Agrp KO mice, suggesting the presence of fewer
Agrp neurons (Figure 3A,B). Total hypothalamic Agrp expression measured via Western blot was
significantly reduced in female Scly-Agrp KO mice (Figure 3C,D) while trending downward in males.
Thus, Scly-Agrp KO mice appear to have less Agrp-ergic activity, which likely drives the metabolic
phenotype observed.

Figure 3. Agrp neuron count and hypothalamic Agrp protein expression in HFD-fed Scly-Agrp
KO vs control mice. (A) Sample images of hypothalamic sections with dTomato-positive (red)
Agrp neurons, in Scly-Agrp KO mice and SclyWT;Agrp-Cre mice used as controls, counter-stained
with 4′6-diamidino-2-phenyllindole (DAPI; blue), at 10× magnification; (B) Agrp neuron counts
trended towards a reduction in male and female Scly-Agrp KO mice. Two-way ANOVA: genotype
# F(1,9) = 3.016, p = 0.12; (C) Agrp expression in hypothalamic protein lysates from males injected
with vehicle (VEH) or leptin (OB), measured via Western blot and expressed as arbitrary units (a.u.).
Two-way ANOVA: genotype F(1,8) = 4.73, p = 0.12, leptin treatment F(1,8) = 2.41, p = 0.16; (D) Agrp
expression in females. Two-way ANOVA: genotype # F(1,8) = 3.03, p = 0.049. All data are represented as
mean ± standard error of the mean. Group numbers are indicated in each graph. # denotes a significant
genotype effect.

Agrp neurons project to multiple regions of the hypothalamus, including other cells within the Arc,
to affect the energy balance [22]. Therefore, we measured Agrp expression in these areas to determine
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whether Agrp innervation was reduced within a particular neurological circuit (see Supplementary
Materials Figure S3 for anatomical delineation). Agrp immunoreactivity was found to be reduced in
the Arc and DMH of both male and female Scly-Agrp KO mice (Figure 4A–C). This strongly implies
that Scly-Agrp KO mice have reduced Agrp circuitry to these specific hypothalamic regions, which
may mediate the underweight phenotype of Scly-Agrp KO mice.

Figure 4. Agrp immunoreactivity in hypothalamus of HFD-fed Scly-Agrp KO vs control mice.
(A) Sample images of hypothalamic sections showing Agrp immunoreactivity at 10×magnification;
(B) Agrp expression in hypothalamic sections from male mice, injected with either vehicle (VEH) or
leptin (OB), analyzed via two-way ANOVA in the arcuate nucleus (Arc): ## genotype F(1,10) = 10.54,
p = 0.009, leptin treatment F(1,10) = 4.11, p = 0.07, median eminence (ME), ventromedial hypothalamus
(VMH), dorsomedial hypothalamus (DMH): # genotype F(1,9) = 1.541, p = 0.043, paraventricular nucleus
(PVN): leptin treatment F(1,10) = 4.04, p = 0.072, and periventricular nucleus (Pe); (C) Agrp expression
in female mice by hypothalamic region: Two-way ANOVA: Arc: ## genotype F(1,10) = 11.9, p = 0.006,
leptin treatment F(1,10) = 11.36, p = 0.007, VMH: # genotype F(1,10) = 8.87, p = 0.014, DMH: # genotype
F(1,10) = 5.38, p = 0.04. All data are represented as mean ± standard error of the mean. Group numbers
ranged from 3–5. # denotes a significant genotype effect within a particular brain region.

Leptin regulates Agrp production in the mouse hypothalamus [27]. Interestingly, two-way
ANOVA revealed a significant effect of leptin treatment on Agrp expression in the Arc of female mice
(Figure 4C). Post-hoc analysis revealed a significant reduction in Agrp expression in response to leptin
in the Arc of female Scly-Agrp KO mice, but not in control mice. Leptin had a similar effect in male
mice, although the results were not statistically significant (Figure 4B). Considering that Scly-Agrp KO
mice maintained leptin sensitivity on HFD while control mice developed leptin resistance (Figure 2),
this result provides further insight into a potential mechanism involving leptin regulation of Agrp
activity in Scly-Agrp KO mice.
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3.4. Brown Adipose Tissue Morphology Is Altered in Scly-Agrp KO Mice.

Although Agrp neurons are primarily known to influence energy metabolism by promoting
feeding behavior, there is growing evidence for a prominent role of Agrp neurons in regulating
brown adipose tissue (BAT) thermogenesis [28–30]. Since the Scly-Agrp KO mice did not exhibit
any changes in food intake, we investigated BAT for changes in morphology and thermogenesis.
Analysis of H&E-stained BAT sections revealed that lipid droplets in HFD-fed Scly-Agrp KO mice
were significantly smaller than in HFD-fed controls, suggesting elevated thermogenesis (Figure 5A–C).
While this effect was more pronounced in the male mice, the female mice generally had smaller lipid
droplets to begin with, which is consistent with past literature [31]. Overall fat deposition, measured as
the fraction of space occupied by lipid mass, was also reduced in Scly-Agrp KO mice (Supplementary
Materials Figure S5).

Figure 5. Brown adipose tissue lipid deposition and thermogenesis in HFD-fed Scly-Agrp KO vs
control mice. (A) Sample images of brown adipose tissue (BAT) sections stained with hematoxylin and
eosin, showing adipocytes and lipid droplets at 40×magnification; (B) frequency distribution of lipid
droplet size in BAT sections from male mice. Two-way ANOVA with repeated measures: genotype
F(1,14) = 8.079, p = 0.013, interaction F(9,126) = 5.726, p < 0.0001, Bonferroni’s multiple comparisons test:
*** p < 0.001, **** p < 0.0001; (C) BAT lipid droplet size in female mice. Two-way ANOVA with repeated
measures: interaction F(9,126) = 2.418, p = 0.014, Bonferroni’s multiple comparisons test: **** p < 0.0001.
Treatment with either vehicle (VEH) or leptin (OB) did not affect lipid droplet size; (D) sample images
of uncoupling protein-1 (UCP1) immunoreactivity in BAT sections counter-stained with hematoxylin;
(E) UCP1 expression in male BAT. Two-way ANOVA: ## genotype F(1,12) = 11.6, p = 0.005, leptin
treatment F(1,12) = 4.35, p = 0.06; interaction F(1,12) = 1.407, p = 0.26 (F) UCP1 in female BAT. Two-way
ANOVA: # genotype F(1,12) = 5.0, p = 0.04, leptin treatment F(1,12) = 3.27, p = 0.09, interaction F(1,12)

= 1.35, p = 0.3. All data are represented as mean ± standard error of the mean. Group numbers are
indicated in each graph. # denotes a significant genotype effect.
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Mitochondrial uncoupling protein 1 (UCP1) activates BAT thermogenesis, which promotes energy
expenditure and fat loss [32]. BAT sections from Scly-Agrp KO mice had significantly greater amounts
of UCP1 immunoreactivity than BAT sections from control mice, suggesting elevated thermogenic
activity in Scly-Agrp KO mice (Figure 5D,E). These data implicate BAT thermogenesis as a contributing
factor in the anorexigenic effect of Agrp neuron-specific KO of Scly.

4. Discussion

This study was initiated with the hypothesis that knocking out Scly in Agrp neurons would
re-capitulate the obesogenic phenotype of whole-body Scly KO mice [13]. Unexpectedly, Scly-Agrp
KO mice gained less weight and adiposity than controls while on HFD (Figure 1), demonstrating the
complexity of the role of Scly in hypothalamic function. Previous work on whole-body Scly KO mice
revealed decreased expression of multiple selenoproteins in the hypothalamus, including glutathione
peroxidase 1 (GPx1), which breaks down hydroperoxides, thus reducing oxidative stress, as well
as SelM and selenoprotein S (SelS), both of which mitigate ER stress [14]. The role of ER stress in
causing leptin resistance has been established in previous studies using HFD-fed rodents [25,26] and,
recently, SelM has been implicated as a mediator of leptin signaling [19]. However, knocking out
Scly in Agrp neurons did not cause leptin resistance in our study, and instead conferred protection
from Arc- and ME-specific leptin resistance (Figure 2). Previous work by Diano et al., however,
demonstrated the capacity of reactive oxygen species (ROS) to suppress Agrp activity [33]. In this
study, intracerebroventricular injection of the ROS scavenger honokiol increased Agrp neuron activity,
while ROS induction via administration of GW99662, antagonist of peroxisome proliferator-activated
receptor-γ (PPAR-γ), suppressed the firing rate of Agrp neurons. Thus, it is possible that the loss of
selenoproteins that limit ROS levels, such as GPx1, permitted an overall reduction in Agrp neuron
activity in Scly-Agrp KO mice that outweighed any reduction in Agrp neuron leptin sensitivity.

Scly-Agrp KO mice may have had fewer Agrp neurons than controls and less Agrp expression
throughout the hypothalamus (Figures 3 and 4), which could contribute to the overall anorexigenic
phenotype. One explanation is that oxidative stress induced by the loss of Scly led to the progressive
degeneration of some Agrp neurons. Under-weight phenotypes similar to what we observed in the
Scly-Agrp KO mice have been reported in other studies in which progressive degeneration of Agrp
neurons was induced. For example, while studying a mouse model in which Agrp neurons were
progressively ablated by deleting the mitochondrial transcription factor A (Tfam), Xu et al. observed
that the mutant mice had reduced body weight and adiposity [34]. Subsequent investigation of the
same mouse model by Pierce and Xu revealed that, in response to Agrp neuron degeneration, the
hypothalamus generated new cells, some of which became Agrp neurons [35]. Interestingly, this
hypothalamic de novo neurogenesis described by the authors gave rise to leptin-responsive cells. It is,
therefore, possible that a similar mechanism involving the generation of new leptin-sensitive neurons
to replace degenerating Agrp neurons may have contributed to the apparent resistance of Scly-Agrp
KO mice to Arc- and ME-specific leptin resistance.

Although Scly-Agrp KO mice gained less weight and had reduced adiposity compared to control
mice, no changes in food intake were observed (Figure 1). This is consistent with the feeding
behavior of whole-body Scly KO mice which, although they display hyperphagia when placed on a
Se-deficient diet [9], do not consume more food than controls while on HFD [13]. Agrp neurons are
typically described as promoting feeding behavior as part of the melanocortin system by inhibiting
melanocortin-4 receptor (MC4R)-positive neurons in the PVN of the hypothalamus to suppress
anorexigenic hormone signals targeting the pituitary gland. However, in addition to observing no
change in food intake in Scly-Agrp KO mice, we also found that Agrp immunoreactivity in the PVN was
similar between controls and KO mice. Although an effect on the melanocortin system cannot be ruled
out, Agrp neurons project to other hypothalamic regions that may also contribute to the anorexigenic
phenotype observed. Immunohistochemical analysis showed decreased Agrp expression in one such
area, the DMH (Figure 4), which is a known regulator of BAT thermogenesis [36]. Glutamatergic
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neurons in the DMH project onto sympathetic premotor neurons in the rostral raphe pallidus (rRPa)
which subsequently promote BAT thermogenesis via brain stem circuitry [37–39]. Agrp neurons
provide tonic inhibitory input to the DMH, which limits sympathetic nerve activity [40]. Disinhibiting
DMH glutamatergic neurons, as would be the case with decreased input from Agrp neurons, has
been shown to stimulate BAT thermogenesis [41]. Interestingly, Scly-Agrp KO mouse BAT sections
had smaller amounts of lipid deposition and increased UCP1 expression, suggesting elevated levels
of thermogenesis (Figure 5). Together these data implicate enhanced BAT thermogenesis, possibly
involving the DMH-sympathetic pathway, as an underlying cause of the resistance to HFD-induced
weight gain exhibited by Scly-Agrp KO mice.

The results discussed in this report elucidate a previously undescribed role of Scly in regulating
body composition via the hypothalamus. We have shown that loss of Scly within a neuronal
sub-population that makes up a small fraction of the hypothalamus [22] produces a phenotype in
mice distinguished by reduced weight gain while on HFD and resistance to the development of leptin
insensitivity. Moreover, our data reveal yet another way that Scly can influence energy homeostasis:
via Agrp neuron-mediated BAT activation. Overall, these findings provide novel insights into the
importance of Se utilization in central nervous system-directed energy metabolism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1693/s1,
Figure S1: Verification of Scly KO in Agrp neurons. Immunofluorescent labeling of Scly in sections of arcuate
nucleus in control and Scly-Agrp KO mice taken at 40× and counter-stained with 4′6-diamidino-2-phenyllindole
(DAPI; blue). Agrp neurons are positive for dTomato fluorescent protein expression (red) and are labeled
with orange arrows. Agrp neurons are positive for Scly (green) in sections from control mice, whereas Agrp
neurons in sections from Scly-Agrp KO mice are not positive for Scly, Figure S2: Comparison of weight gain in
Sclyfl/fl; Agrp-WT vs SclyWT; Agrp-Cre mice and comparison of body length, total body weight and glucose tolerance
in Scly-Agrp KO vs control mice. (a) Change in total body weight in male Scly-Agrp KO mice vs controls.
Two-way ANOVA: genotype F(1,308) = 50.24, p < 0.0001; (b) Body weight change in females. Two-way ANOVA:
genotype F(1,341) = 40.44, p < 0.0001; (c) Sclyfl/fl; Agrp-WT vs SclyWT; Agrp-Cre weight gain in males. Two-way
ANOVA: genotype F(1,253) = 3.866, p = 0.05; (d) and females: genotype F(1,307) = 5.241, p = 0.02; (e) Body lengths
of Scly-Agrp KO vs control mice. Two-way ANOVA: genotype F(1,53) = 8.093, p = 0.006; (f) Body weight/body
length. Two-way ANOVA: genotype F(1,48) = 9.635, p = 0.003; (g) Time-course of blood glycemia following
i.p. bolus injection of glucose (1g/kg body weight) in males; (h) and females; (i) Comparison of area under the
curve representing cumulative glycemia scores over a 3-h period post-injection. Two-way ANOVA: genotype
F(1,45) = 0.1589, p = 0.69, sex F(1,45) = 8.107, p = 0.007. All data are represented as mean ± standard error of the
mean. Group numbers are indicated in each graph. Tukey’s multiple comparisons test: * p < 0.05. Figure S3:
Representative images of hypothalamic sections stained for Agrp, at 5X magnification, to show brain regions.
(a) Bregma −0.94mm hypothalamus containing paraventricular nucleus (PVN) and periventricular nucleus (Pe);
(b) Bregma −1.46mm containing arcuate nucleus (Arc), median eminence (ME), ventromedial hypothalamus
(VMH), and dorsomedial hypothalamus (DMH), Figure S4: Number of phosphorylated STAT3 (pSTAT3)-positive
cells counted in response to leptin (Ob, 1mg/kg body weight) or vehicle (VEH, phosphate-buffered saline) injection
in Scly-Agrp KO vs control mice. (a) Cell counts of pSTAT3-positive cells measured in male mouse arcuate nucleus
(Arc): Two-way ANOVA: leptin F(1,9) = 11.47, p = 0.008, genotype F(1,9) = 7.06 p = 0.026, median eminence
(ME): genotype F(1,9) = 4.421 p = 0.065, ventromedial hypothalamus (VMH): leptin F(1,10) = 17.29, p = 0.002,
and dorsomedial hypothalamus (DMH): leptin F(1,9) = 9.126, p = 0.015; (b) pSTAT3-cells in female mouse Arc:
Two-way ANOVA: leptin F(1,10) = 7.318, p = 0.02, ME: leptin F(1,8) = 12.3, p = 0.008, VMH: leptin F(1,10) = 31.81,
p = 0.0002, genotype F(1,10) = 16.42, p = 0.002, interaction F(1,10) = 5.543, p = 0.04 and DMH: leptin F(1,8) = 29.8,
p = 0.0006, genotype F(1,8) = 6.951 p = 0.03. All data are represented as mean ± standard error of the mean.
Group numbers are indicated in each graph. Tukey’s multiple comparisons test: * p < 0.05, ** p < 0.01, Figure S5:
Brown adipose tissue (BAT) lipid fraction represented as the percent of surface area of the section occupied by
lipid droplet. Two-way ANOVA: genotype F(1,28) = 6.474, p = 0.017, sex F(1,28) = 4.894, p = 0.035. All data are
represented as mean ± standard error of the mean. Group numbers are indicated in each graph.
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Abstract: Few studies have investigated the association between selenium and metabolic syndrome.
This study aimed to explore the associations between the serum selenium level and metabolic
syndrome as well as examining each metabolic factor. In this case-control study, the participants were
1165 adults aged ≥40 (65.8 ± 10.0) years. Serum selenium was measured by inductively coupled
plasma-mass spectrometry. The associations between serum selenium and metabolic syndrome were
examined by multivariate logistic regression analyses. The least square means were computed by
general linear models to compare the serum selenium levels in relation to the number of metabolic
factors. The mean serum selenium concentration was 96.34 ± 25.90 μg/L, and it was positively
correlated with waist circumference, systolic blood pressure, triglycerides, fasting glucose, and
homeostatic model assessment insulin resistance (HOMA-IR) in women, but it was only correlated
with fasting glucose and HOMA-IR in men. After adjustment, the odds ratios (ORs) of having
metabolic syndrome increased with the selenium quartile groups (p for trend: <0.05), especially
in women. The study demonstrated that the serum selenium levels were positively associated
with metabolic syndrome following a non-linear dose–response trend. Selenium concentration was
positively associated with insulin resistance in men and women, but it was associated with adiposity
and lipid metabolism in women. The mechanism behind this warrants further confirmation.

Keywords: selenium; metabolic syndrome; obesity; insulin resistance; lipid

1. Introduction

Selenium (Se) is an antioxidative micronutrient that activates Se-containing proteins known as
selenoproteins [1,2]. Among identified selenoproteins, glutathione peroxidase and selenoprotein P
are more notable for their known functions of antioxidation and anti-inflammation [3,4]. Therefore,
numerous investigations focused on the beneficial effects of Se exposure have tried to link it to
cardiometabolic outcomes, with the emphasis mainly on type 2 diabetes (T2DM) [5–9]. Observational
studies have shown a linear trend between risk of T2DM and Se exposure—both the serum Se level
and dietary Se intake [10,11] but not the nail Se concentration [12]. In a meta-analysis summarizing
five randomized controlled trials, a higher relative risk of T2DM in the Se-supplemented group than in
the placebo group was reported [9]. When stratifying by gender, the association remained significant
in men but not in women [13]. Also, the optimal range of Se exposure is narrow and may follow a
non-linear, dose–response pattern [7,14].

Nutrients 2019, 11, 477; doi:10.3390/nu11020477 www.mdpi.com/journal/nutrients45



Nutrients 2019, 11, 477

Although studies focusing on Se and diabetes are flourishing, little is known about the association
between Se and metabolic syndrome (MetS), and the conclusions remain controversial [15–18].
Although a few studies identified positive associations between the serum Se concentration and
MetS only in women [15,16], or no gender differences [17], there was no significant association
between serum Se concentration and MetS in the third National Health and Nutrition Examination
Survey (NHANES) [18]. For obesity and dyslipidemia, general and central adiposity were negatively
associated with Se levels in the NHANES [19]. Conversely, a high serum Se level was associated with
increased total and non-high-density lipoprotein (HDL) cholesterol in cross-sectional studies [20,21].
However, in randomized controlled trials, Se supplementation was beneficial for decreasing total
cholesterol and the total-HDL cholesterol ratio [22], or there was no significant effect between the
Se-supplemented group and the placebo group [23].

Metabolic syndrome is a mixed and composite index for cardiometabolic outcomes, implying
that the association between MetS and Se is complicated but deserves more detailed investigation.
Therefore, we conducted this study to examine the relationship between serum Se level and MetS
as well as each metabolic factor. Also, the study aimed to find a correlation between obesity, insulin
resistance, and gender.

2. Materials and Methods

2.1. Study Subjects

We conducted a case control study to compare the serum Se levels between patients with and
without MetS from 2007 to 2017 at the National Taiwan University Hospital. Patients who came to
the outpatient department with diabetes, hypertension, hyperlipidemia, or other chronic diseases
and were capable of understanding and signing the informed consent sheet were invited. A total of
1165 ambulatory males or females, aged more than 40 years, were enrolled in our study. Information
about age, gender, smoking, alcohol consumption, physical activity, current medications, and previous
diseases was obtained by individual interviews through questionnaires. Current smokers were defined
as those smoking for more than 6 months prior to this study. Former smokers were defined as those
who had not smoked for more than 12 months. Former smokers and non-smokers were grouped
together as non-current smokers. Also, current alcohol drinkers were defined as those drinking more
than 1 ounce of alcohol per week in the 6 months prior to this study. Former drinkers were defined as
those who had quit alcohol for more than 12 months. Former drinkers and teetotalers were grouped
together as non-current drinkers. Physical activity was recorded as regular exercise or not. Weight,
height, systolic blood pressure (BP), and diastolic BP were measured respectively by a standard
electronic scale of stadiometer and sphygmomanometer. Waist circumference (WC) was measured by
a trained operator. Diabetes, hypertension, and hyperlipidemia were defined based on a self-reported
history or current medication being used for those conditions. This study was approved by the Ethics
Committee of National Taiwan University Hospital (201511039RINA), and written informed consent
was obtained from all participants.

2.2. Definition of Metabolic Syndrome

Participants were considered to have MetS if they met three or more of the following criteria:
WC ≥ 90 cm in men or ≥80 cm in women; serum triglycerides (TGs) ≥1.69 mmol/L; HDL cholesterol
<1.03 mmol/L in men or <1.29 mmol/L in women; systolic BP ≥ 130 and/or diastolic BP ≥85 mmHg;
and fasting glucose ≥5.56 mmol/L. Participants with medications for diabetes, hypertension, or
hyperlipidemia were sorted into the group that met the criteria for fasting glucose ≥5.56 mmol/L,
BP ≥ 130/85 mmHg, or serum TG ≥ 1.69 mmol/L, respectively.
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2.3. Blood Analysis

Venous blood samples were taken after a minimum eight-hour fasting period. Serum glucose,
total cholesterol, HDL cholesterol, low-density lipoprotein (LDL) cholesterol, and TG were assessed by
an automatic spectrophotometric assay (HITACHI 7250, Denka Seiken Co, Niigata, Japan). Fasting
insulin level was measured by a microparticle enzyme immunoassay using an AxSYM system (Abbott
Laboratories, Dainabot Co, Tokyo, Japan). The homeostatic model assessment insulin resistance
(HOMA-IR) was applied as an indirect measure of the degree of insulin resistance (HOMA-IR = fasting
insulin × fasting plasma glucose/22.5, with glucose in mmol/L and insulin in mU/L) [24]. Serum
Se was measured using inductively coupled plasma mass spectroscopy. Serum samples were diluted
1:24 with diluents of 0.1% nitric acid and 0.1% Triton X-100. The calibration standards were prepared
in a blank matrix and run using the standard addition calibration type. The serum samples were
analyzed in the peak-jumping mode for 82Se, with the detection limit set at 0.01 μmol/L. Accuracy of
the analysis was checked against Seronorm Trace Element Human Serum (batch 704121; Nycomed AS,
Oslo, Norway) as reference material [6].

2.4. Statistical Analysis

Participants were divided into quartiles according to the serum Se levels. Data are presented as
means (SDs) for continuous variables and numbers (percentage) for categorical variables. Multiple
logistic regression analyses were performed to estimate the odds of having MetS among the quartiles
of Se after adjusting for age, gender, current smoking status, current drinking status, physical activity,
body mass index (BMI), and HOMA-IR. Tests for trends across serum Se quartiles were calculated by
entering the quartile as an ordinal number in a regression model. Multiple linear regression models
with each metabolic factor as dependent variables and serum Se as an independent variable were
applied. Log transformation of the variables was performed if they were not normally distributed
as assessed by the Kolmogorov–Smirnov test. The least square means were computed by general
linear models adjusted for age, gender, current smoking status, current drinking status, and physical
activity to compare serum Se concentration to the number of metabolic factors. Statistical analyses
were performed using SPSS statistical software (V.17, SPSS, Chicago, IL, USA). A p value of <0.05 was
considered to be statistically significant.

3. Results

The basic characteristics of the participants are shown in Table 1. The average age of the
participants was 65.8 ± 10.0 years, and 64.1% were female. The mean serum Se concentration was
96.34 ± 25.90 μg/L, and the interquartile cut-off values of Se were 76.0, 94.0, and 113.7 μg/L. The serum
Se levels in MetS and non-MetS groups were 102.93 ± 26.46 μg/L and 85.88 ± 21.26 μg/L, respectively.
The associations of serum Se levels and prevalence of MetS by multiple logistic regression analyses
are shown in Table 2. In model 1, the results showed that a higher serum Se level was correlated
with a higher risk of MetS. The odds ratios (ORs) of having MetS in the second, third, and fourth
Se quartile groups were 1.41 (95% CI 1.01–1.95), 2.57 (95% CI 1.83–3.59), and 5.47 (95% CI 3.75–7.96),
respectively, compared with the first quartile group of serum Se level (p for trend: <0.001). In model
2, the results showed that a higher serum Se level was correlated with a higher risk of MetS after
adjusting for age, gender, current smoking status, current drinking status, and physical activity. The
ORs of having MetS in the second, third, and fourth Se quartile groups were 1.42 (95% CI 1.02–1.98),
2.39 (95% CI 1.69–3.37), and 4.96 (95% CI 3.39–7.28), respectively, compared with the first quartile (p for
trend: <0.001). In model 3, after further adjusting for BMI, the ORs of risk for MetS in the second, third,
and fourth Se quartile groups were to 1.18 (95% CI 0.80–1.73), 1.98 (95% CI 1.33–2.96), and 3.93 (95% CI
2.54–6.09), respectively, compared with the first quartile (p for trend: <0.001). In model 4, after further
adjusting for HOMA-IR, the ORs of having MetS in the second, third, and fourth Se quartile groups
decreased to 0.82 (95% CI 0.52–1.30), 1.69 (95% CI 1.03–2.79), and 1.66 (95% CI 0.88–3.12), respectively,
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compared with the first quartile (p for trend: <0.022). The interaction between Se groups and HOMA-IR
was not significant (p = 0.057). The serum Se concentration was positively associated with WC, systolic
BP, natural logarithm of TG (lnTG), fasting glucose, and HOMA-IR using multivariate linear regression
analyses after adjusting for age, gender, current smoking status, current drinking status, exercise, and
BMI (see Table 3).

Table 1. Characteristics of the study population by quartiles of serum selenium levels.

Quartiles of Serum Selenium Levels

Q1 (n = 292)
(≤76.0 μg/L)

Q2 (n = 290)
(76.1–94.0 μg/L)

Q3 (n = 292)
(94.1–113.7 μg/L)

Q4 (n = 291)
(>113.7 μg/L)

Gender
Female (%) 208 (71.2) 208 (71.7) 167 (57.2) 164 (56.4)
Male (%) 84 (28.8) 82 (28.3) 125 (42.8) 127 (43.6)

Age (years) 65.8 ± 10.3 65.9 ± 9.7 66.7 ± 9.6 64.9 ± 10.3
BMI (kg/m2) 24.1 ± 3.5 24.8 ± 4.1 25.5 ± 4.3 26.5 ± 4.5
WC (cm) 82.9 ± 9.3 85.3 ± 10.6 87.6 ± 11.0 90.8 ± 11.1
Systolic BP 127.1 ± 16.8 128.0 ± 14.7 131.4 ± 15.6 159.6 ± 9.0
Diastolic BP 75.6 ± 11.0 76.2 ± 9.2 76.2 ± 10.1 68.0 ± 14.9
TCHO (mmol/L) 5.28 ± 0.95 5.05 ± 1.04 4.90 ± 1.03 4.59 ± 0.98
TGs (mmol/L) 1.51 ± 0.93 1.58 ± 1.29 1.59 ± 0.81 1.77 ± 1.23
HDL-C (mmol/L) 1.35 ± 0.32 1.33 ± 0.31 1.29 ± 0.35 1.25 ± 0.33
LDL-C (mmol/L) 3.20 ± 0.74 3.00 ± 0.80 2.94 ± 0.81 2.68 ± 0.80
Glu (mmol/L) 5.89 ± 1.47 6.22 ± 1.66 6.76 ± 2.06 7.23 ± 2.21
Insulin (U/mL) 8.30 ± 5.86 9.35 ± 7.71 10.68 ± 8.02 13.12 ± 8.71
HOMA-IR 2.28 ± 2.18 2.49 ± 2.74 3.09 ± 2.83 3.49 ± 3.07
Selenium (μg/L) 65.13 ± 7.81 85.16 ± 5.19 104.46 ± 5.59 130.66 ± 14.82
Cigarette (%) 15 (5.1) 27 (9.3) 42 (14.4) 55 (18.9)
Alcohol (%) 21 (7.2) 32 (11.0) 46 (15.8) 53 (18.2)
Exercise (%) 192 (65.8) 199 (68.6) 180 (61.6) 163 (56.0)
Diabetes (%) 76 (26.0) 114 (39.3) 183 (62.7) 247 (84.9)
Hypertension (%) 117 (40.1) 138 (47.6) 192 (65.8) 210 (75.3)
Hyperlipidemia (%) 91 (31.2) 129 (44.5) 167 (57.2) 219 (75.3)
Elevated WC (%) * 141 (48.3) 172 (59.3) 173 (59.2) 220 (75.6)
High TG (%) * 141 (48.3) 163 (56.2) 193 (66.1) 220 (75.6)
Low HDL-C (%) * 111 (38.0) 114 (39.3) 112 (38.4) 132 (45.4)
Elevated BP (%) * 134 (45.9) 139 (47.9) 183 (62.7) 186 (63.9)
IFG (%) * 136 (46.6) 170 (58.6) 213 (72.9) 256 (88.0)
Metabolic factors 2.27 ± 1.49 2.61 ± 1.48 2.99 ± 1.39 3.49 ± 1.20
MetS (%) 129 (44.2) 151 (52.1) 194 (66.4) 235 (80.8)

Abbreviations: BMI: body mass index; WC: waist circumference; BP: blood pressure; TCHO: total cholesterol; TGs:
triglycerides; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; Glu: fasting
glucose; HOMA-IR: homeostasis model assessment of insulin resistance; IFG: impaired fasting glucose; MetS:
metabolic syndrome. * Elevated WC: WC ≥90 cm in men or ≥80 cm in women; High TG: serum TG ≥1.69 mmol/L;
Low HDL-C: HDL-C <1.03 mmol/L in men or <1.29 mmol/L in women; Elevated BP: systolic BP ≥130 and/or
diastolic BP ≥85 mmHg; and IFG: impaired fasting glucose ≥5.56 mmol/L. Continuous variables are presented by
mean ± SD and categorical variables are presented as the percentage of participants (%).

Table 2. Odds ratios (ORs) of having MetS derived from multiple logistic regression analyses in
quartiles of serum selenium levels.

Quartile of Serum Selenium Levels

Q1 (n = 292)
(≤ 76.0 μg/L)

Q2 (n = 290)
(76.1–94.0 μg/L)

Q3 (n = 292)
(94.1–113.7 μg/L)

Q4 (n = 291)
(>113.7 μg/L)

p-value of Se
Tertile

MetS, n (%) 129 (44.2) 151 (52.1) 194 (66.4) 235 (80.8)
Model 1 1.00 1.41 (1.01–1.95) 2.57 (1.83–3.59) 5.47 (3.75–7.96) <0.001
Model 2 1.00 1.42 (1.02–1.98) 2.39 (1.69–3.37) 4.96 (3.39–7.28) <0.001
Model 3 1.00 1.18 (0.80–1.73) 1.98 (1.33–2.96) 3.93 (2.54–6.09) <0.001
Model 4 1.00 0.82 (0.52–1.30) 1.69 (1.03–2.79) 1.66 (0.88–3.12) 0.022

Model 1: No adjustment; Model 2: adjusted for age, gender, current smoking status, current drinking status, and
physical activity; Model 3 adjusted for variables in model 2, plus BMI as a confounding factor. Odds ratio of BMI
(95% confidence interval [CI] 1.41–1.58, p < 0.001); Model 4: adjusted for variables in model 3, plus HOMA-IR as a
confounding factor. Odds ratio of elevated HOMA-IR (95% CI 1.94–2.90, p < 0.001); HOMA-IR: homeostasis model
assessment of insulin resistance; MetS: metabolic syndrome.
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Table 3. Linear regression models showing standardized betas with serum selenium concentrations as
independent variable for metabolic factors.

WC Systolic BP Diastolic BP lnTG HDL-C
Fasting
Glucose

HOMA-IR

Beta p Beta p Beta p Beta p Beta p Beta p Beta p
Model 1 0.260 <0.001 0.159 <0.001 0.052 0.076 0.127 <0.001 –0.070 0.021 0.252 <0.001 0.172 <0.001
Model 2 0.284 <0.001 0.118 <0.001 0.029 0.313 0.075 0.010 –0.002 0.940 0.210 <0.001 0.135 0.001
Model 3 0.231 <0.001 0.119 <0.001 0.026 0.363 0.067 0.022 0.005 0.873 0.204 <0.001 0.132 0.001

Abbreviations: WC: waist circumference; BP: blood pressure; lnTG: natural logarithm of TG; HDL-C: high-density
lipoprotein cholesterol; HOMA-IR: homeostasis model assessment of insulin resistance. Model 1: adjusted for age,
gender; Model 2: adjusted for age, gender, current smoking status, current drinking status, and physical activity;
Model 3: adjusted for age, gender, current smoking status, current drinking status, physical activity, and BMI.

After stratifying by gender, there was a similar higher crude OR of having MetS across the quartile
groups of Se level in men (Q2: 1.89, 95% CI: 1.01–3.54; Q3: 2.32, 95% CI: 1.31–4.13; Q4: 3.63, 95% CI:
1.99–6.64, p for trend: <0.001) and in women (Q2: 1.26, 95% CI: 0.86–1.86; Q3: 2.57, 95%: 1.68–3.92; Q4:
7.00, 95% CI: 4.26–11.50, p for trend: <0.001). After adjusting for age, current smoking status, current
drinking status, physical activity, and BMI, the significant trend of having a higher risk of MetS was
decreased but was persistently noted more in women (Q2: 1.03, 95% CI: 0.64–1.65; Q3: 2.10, 95% CI:
1.25–3.52; Q4: 5.33, 95% CI: 2.94–9.66, p for trend: <0.001) than in men (Q2: 1.62, 95% CI: 0.79–3.31; Q3:
1.94, 95% CI: 0.99–3.82; Q4: 2.38, 95% CI: 1.18–4.83; p for trend: 0.015) (Table 4 and Figure 1). For each
metabolic factor, there was a positive association with WC, systolic BP, lnTG, fasting glucose, and
HOMA-IR in women, but there were only positive associations with fasting glucose and HOMA-IR in
men after adjusting for age, current smoking status, current drinking status, exercise, and BMI (Table 5
and Figure 1).

Table 4. Odds ratios (ORs) of having MetS derived from multiple logistic regression analyses in
quartiles of serum selenium levels, stratified by gender.

Quartile of Serum Selenium Levels

Q1 (n = 292)
(≤76.0)

Q2 (n = 290)
(76.1–94.0)

Q3 (n = 292)
(94.1–113.7)

Q4 (n = 291)
(>113.7) p-value of Se

Female
MetS, n (%) 87/207 (40.2) 107/205 (47.8) 108/166 (65.1) 137/164 (83.5)

Model 1 1.00 1.26 (0.86–1.86) 2.57 (1.68–3.92) 7.00
(4.26–11.50) <0.001

Model 2 1.00 1.20 (0.81–1.80) 2.38 (1.55–3.66) 6.29
(3.78–10.45) <0.001

Model 3 1.00 1.03 (0.64–1.65) 2.10 (1.25–3.52) 5.33 (2.94–9.66) <0.001
Male

MetS, n (%) 42/84 (50) 53/81 (65.4) 86/123 (69.9) 98/125 (78.4)
Model 1 1.00 1.89 (1.01–3.54) 2.32 (1.31–4.13) 3.63 (1.99–6.64) <0.001
Model 2 1.00 2.14 (1.10–4.15) 2.59 (1.40–4.79) 3.08 (1.63–5.83) 0.001
Model 3 1.00 1.62 (0.79–3.31) 1.94 (0.99–3.82) 2.38 (1.18–4.83) 0.015

Model 1: adjusted for age; Model 2: adjusted for age, current smoking status, current drinking status, and
physical activity; Model 3 adjusted for variables in model 2, plus BMI as a confounding factor. Odds ratio of
BMI (95% confidence interval [CI] 1.44–1.68, p < 0.001 for male; 95% CI 1.26–1.51, p < 0.001 for female). MetS:
metabolic syndrome.

The least square means (± SDs) of serum Se concentration in relation to the number of metabolic
factors are shown in Figure 2A. In the linear multiple regression models, after adjusting for age, gender,
current smoking status, current drinking status, and physical activity, the serum Se concentration
increased with the escalation of the number of metabolic factors (test for trend: p < 0.001). After
stratifying by gender, the serum Se concentration increased as the number of metabolic factors increased
both in female and male patients after adjustment (test for trend: p < 0.001) (Figure 2B,C).
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Figure 1. Nonlinear dose–response relationship between selenium and metabolic syndrome. (A) All
subjects; (B) Female subjects; (C) Male subjects.
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Table 5. Linear regression models showing standardized betas with serum selenium concentrations as
independent variable for metabolic factors, stratified by gender.

WC Systolic BP Diastolic BP lnTG HDL-C
Fasting
Glucose

HOMA-IR

Beta p Beta p Beta p Beta p Beta p Beta p Beta p
Female
Model 1 0.266 <0.001 0.197 <0.001 0.077 0.035 0.184 <0.001 –0.067 <0.001 0.271 <0.001 0.192 <0.001
Model 2 0.234 <0.001 0.184 <0.001 0.095 0.010 0.164 <0.001 –0.049 0.186 0.219 <0.001 0.166 <0.001
Model 3 0.056 0.002 0.139 <0.001 0.069 0.064 0.108 0.003 0.012 0.738 0.162 <0.001 0.083 0.035

Male
Model 1 0.228 <0.001 0.072 0.141 0.022 0.450 0.0.39 0.430 –0.078 0.111 0.230 <0.001 0.129 0.048
Model 2 0.168 0.001 0.076 0.142 –0.028 0.580 -0.027 0.589 –0.072 0.155 0.234 <0.001 0.171 0.009
Model 3 0.048 0.056 0.051 0.321 –0.048 0.349 -0.052 0.295 –0.010 0.843 0.211 <0.001 0.158 0.008

Abbreviations: WC: waist circumference; BP: blood pressure; HDL-C: high-density lipoprotein cholesterol;
HOMA-IR: homeostasis model assessment of insulin resistance. Model 1: adjusted for age; Model 2: adjusted
for age, current smoking status, current drinking status, and physical activity; Model 3: adjusted for age, current
smoking status, current drinking status, physical activity, and BMI.
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Figure 2. Cont.
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Figure 2. Comparison of serum selenium concentration in relation to number of metabolic factors.
(A) All subjects; (B) Female subjects; (C) Male subjects.

4. Discussion

The results of the present study showed a positive association between serum Se level and the
risk of MetS. Also, the serum Se concentration was positively associated with WC, systolic BP, lnTG,
fasting glucose, HOMA-IR, and the number of metabolic factors (test for trend: p < 0.001), following
a dose–response relationship. Further, there was a 3.93-fold risk of MetS in the highest Se quartile
compared with the lowest quartile after adjusting for demographic confounders and BMI (5.33-fold
in women and 2.38-fold in men). Although further adjustment for HOMA-IR diminished most of
the magnitude of the association between Se and MetS, there was a non-linear, dose–response trend
whereby the odds of having MetS with the escalation of Se level (p for trend 0.022). These findings
support a positive association between serum Se gradients and MetS independent of obesity and
insulin resistance. The persistence of a direct relationship between Se exposure and risk of MetS after
adjusting for BMI and HOMA-IR also implied that as-yet-unidentified confounding variables affected
this association. Stratifying by gender, Se level was positively associated with insulin resistance (fasting
glucose and HOMA-IR) in men and women, but with adiposity and lipid metabolism (WC, SBP, and
lnTG) in women only, implying an effect modification by dimorphic gender.

The overall findings of this study are in agreement with the majority of previous observational
studies, which reported positive associations between serum Se level and MetS [15–17]. In a Chinese
case-control study, a higher level of plasma Se was associated with an increased risk of MetS both in
men and women [15]. Similarly, the IMMIDIET (The dietary habit profile in European communities
with different risk of myocardial infarction: the impact of migration as a model of gene-environment
interaction) project and an observational study in Lebanon showed a positive association between
serum Se and MetS, but only in women [16,17]. Conversely, there was no significant association
between serum Se and MetS in the third NHANES [18]. In animal models, knockout mice under
adequate Se diets developed MetS pattern including hyperinsulinemia, increased body weight,
dyslipidemia, and glucose intolerance [25]. The potential mechanism to link Se to insulin resistance
and obesity may be partly mediated by glutathione peroxidase and selenoprotein P, due to their
notable anti-inflammation functions [7]. Associated with the attenuation of antioxidative actions,
Se-supplemented rats were found to develop insulin resistance [26]. Also, the overexpression of
glutathione peroxidase induced the development of insulin resistance and obesity in mice [27].
Furthermore, there was an association between gene polymorphism of selenoprotein P and fasting
insulin in a human study, supporting the role of selenoprotein P in glucose metabolism [28]. In terms of
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gender differences, glutathione peroxidase overexpression with hyperinsulinemia was only observed
in male mice [29], whereas the expression of glutathione peroxidase in liver was observed more in
female-derived cells compared to male-derived cells [30] Moreover, elevated selenoprotein P and
insulin resistance were only observed in female mice [31]. In terms of human gene investigations,
there was an elevated expression of glutathione peroxidase and selenoprotein P genes in women in
relation to obesity in the England SELGEN study [32], while glutathione peroxidase polymorphisms
were related to an increased incidence of MetS in men in a Japanese adult cohort [33]. In a Finnish
cohort, variation in the selenoprotein S gene locus was associated with coronary heart disease and
ischemic stroke in women [34]. There were gender differences in the amount of Se necessary to reach
optimal Se expression.

A meta-analysis that pooled five observational studies of 13,460 subjects found that there was
a positive, non-linear, dose–response association between serum Se levels and T2DM [14]. Also,
there was a higher relative risk of T2DM in the Se-supplemented group than the placebo group
in a meta-analysis summarizing five randomized controlled trials [9]. In animal studies, both
overexpression and deficiency of selenoproteins can promote the development of T2DM, following a
non-linear correlation [35]. For adiposity, serum Se was inversely associated with BMI in both men
and women, whereas it was associated with the percentage of body fat only in women in the third
NHANES [19]. However, there were consistent and positive associations between the Se concentration
and total cholesterol [21,36], TG [37], and non-HDL cholesterol [21]. These outcomes were also
identified in the UK PRECISE (Prevention of Cancer by Intervention with Selenium) study [22] but not
in a study of an elderly Danish population’s [23] risk of elevated lipid profiles in the Se-supplementation
group. Little is known about the relationship between Se and hypertension. Although some studies
have showed positive associations between Se and systolic and diastolic BP [21,34], there was no
association shown between Se and hypertension in a systemic review [38]. Generally speaking,
previous observational and randomized controlled studies have elucidated a positive trend between
Se and MetS, but the differences between genders are still debated. This might be related to unequal
organ distribution [30], different optimal levels for Se expression [7,29,31], and polymorphisms in
different genders [32–34]. In our study, we further confirmed the dose–response association between
Se and MetS and found that dimorphic genders differed in response to insulin resistance, adiposity,
and lipid profiles in relation to the Se level.

There are some limitations to our study. First, we were not able to establish the causal relationship
between serum Se concentration and MetS because of the cross-sectional design. Although we collected
and adjusted for probable confounders in our study, there could be unmeasured and undefined
factors with possible residual effects. For example, there were potential influences of the duration
of cardiometabolic diseases on lowering the serum Se level over time, but we did not measure the
time elapsed during the development of metabolic factors among individuals with or without MetS.
Moreover, the serum Se level could be altered by dietary sources of Se, including soybeans, bamboo
shoots, broccoli, mushrooms, cereals, Brazil nuts, and milk powder [39]. Because we did not record the
daily micronutrient supplementation and personal eating habits, there might be bias independent of
MetS. We checked the total serum Se to represent the serum selenoprotein concentration and activity,
but we did not determine the proportion of other forms of Se and their activities. Furthermore,
we used HOMA-IR as an indirect approach to estimate the degree of insulin resistance instead of
accurate dynamic techniques, such as using a euglycemic clamp. Nonetheless, this is the first human
study to comprehensively demonstrate the dose–response relationship between Se and MetS and
metabolic factors with a large sample size. Gender stratification analyses clearly highlighted the
gender differences in insulin resistance, adiposity, and lipid metabolism. However, the underlying
mechanisms need further investigation.
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Abstract: Selenoprotein genetic variations and suboptimal selenium (Se) levels may contribute to the
risk of colorectal cancer (CRC) development. We examined the association between CRC risk and
genotype for single nucleotide polymorphisms (SNPs) in selenoprotein and Se metabolic pathway
genes. Illumina Goldengate assays were designed and resulted in the genotyping of 1040 variants
in 154 genes from 1420 cases and 1421 controls within the European Prospective Investigation into
Cancer and Nutrition (EPIC) study. Multivariable logistic regression revealed an association of
144 individual SNPs from 63 Se pathway genes with CRC risk. However, regarding the selenoprotein
genes, only TXNRD1 rs11111979 retained borderline statistical significance after adjustment for
correlated tests (PACT = 0.10; PACT significance threshold was P < 0.1). SNPs in Wingless/Integrated
(Wnt) and Transforming growth factor (TGF) beta-signaling genes (FRZB, SMAD3, SMAD7) from
pathways affected by Se intake were also associated with CRC risk after multiple testing adjustments.
Interactions with Se status (using existing serum Se and Selenoprotein P data) were tested at the
SNP, gene, and pathway levels. Pathway analyses using the modified Adaptive Rank Truncated
Product method suggested that genes and gene x Se status interactions in antioxidant, apoptosis, and
TGF-beta signaling pathways may be associated with CRC risk. This study suggests that SNPs in the
Se pathway alone or in combination with suboptimal Se status may contribute to CRC development.

Keywords: selenium; selenium status; selenoprotein gene variation; selenium pathway; colorectal
neoplasms; selenoprotein P; prospective cohort; colorectal cancer risk; genetic epidemiology; biomarkers

1. Introduction

In Europe, colorectal cancer (CRC) is the cancer type with both the second highest incidence and
mortality rate [1]. Substantial CRC risk may derive from dietary factors, genetic variants, and their
interactions [2,3].

Experimental and observational evidence suggests that suboptimal dietary intakes of the
micronutrient selenium (Se) contribute to greater risk for the development of cancers at several
anatomical sites, including the colorectum [4–6]. In humans, Se exerts its potential anti-carcinogenic
properties through incorporation into 25 selenoproteins by the amino acid selenocysteine [7,8].
Several selenoproteins protect cells from damaging oxidative radicals including the glutathione
peroxidases (notably GPX1 and GPX4), components of the thioredoxin reductase system (TXNRD1-3)
and selenoprotein P (SELENOP; please note the modified selenoprotein nomenclature [9]) which is
also critical for Se transport [8,10,11].

The major mechanism through which Se is thought to influence the risk of CRC development
is variation in gene expression and biosynthesis of protective selenoproteins [12,13]. In rodent
models, adequate Se intake and selenoprotein expression have been shown to prevent colon cancer
while selenoprotein dysregulation may increase colon cancer risk [14–16]. Data from nutritional
intervention trials and epidemiological studies suggest implications for Se intake regarding CRC
risk could potentially be more important in individuals with particular selenoprotein genotypes
and/or in populations with low Se status, such as in Western Europe where the present study was
conducted [4,5,17,18]. Risk modification by sex has also been observed for CRC risk associations with
selenoprotein genotypes [19,20] and Se status [5,17].

Genetic variations in approximately half of the 25-known human selenoprotein genes have
been associated with susceptibility to CRC and/or colorectal adenoma (CRA) risk in at least seven
populations from Asia, North America and Europe; in addition some of these variants have been
shown to impact survival outcomes (reviewed in [4,21]). Although some of these studies have been
performed in suboptimal Se intake areas, large studies have more generally been conducted in Se-replete
environments in North America and these have reported evidence both for [22,23] and against [17] an
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association of selenoprotein genes with CRC risk. However, only a limited number of single nucleotide
polymorphisms (SNPs) in selected selenoprotein genes have been analyzed, while in several of these
reports the Se status of the analyzed cohort was not assessed.

To our knowledge, it is unknown which selenoproteins are critical in maintaining colonic health
and no study has comprehensively evaluated variation in all selenoprotein genes for association with
CRC risk. Moreover, interactions of selenoprotein genetic variations according to robust Se status
biomarkers have not been explored. As both genetic factors and dietary Se intake can influence the
pattern of selenoprotein expression and biosynthesis, we hypothesized that variation in selenoprotein
genes, and in related signaling pathway genes influenced by Se intake (together comprising the ‘Se
pathway’), affect CRC development risk, while Se status may modify this risk.

In this study, we have examined for the first time the association of detailed Se pathway gene
variation with cancer risk in 1420 CRC cases and 1421 controls within the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort. We previously reported in a subset of this
nested cohort with 966 case-control pairs that a higher Se status (ascertained by serum levels of Se and
SELENOP) was associated with a lower CRC risk [5]. In these Western European subjects, the mean
Se and SELENOP circulating levels were 84.0 μg/L and 4.3 mg/L in cases and 85.6 μg/L and 4.4 mg/L
in controls, respectively. Thus, our present study was conducted in a generally suboptimal Se status
population, as these Se concentrations are insufficient for optimal GPX3 expression and SELENOP
saturation [5,6]. We now report the interaction between these genes and their corresponding pathways
with Se status biomarkers and CRC risk.

2. Materials and Methods

2.1. Study Population and Design

EPIC is a multicenter prospective cohort study designed to investigate the association between
diet, lifestyle, genetic and environmental factors and the incidence of cancers. The rationale and
methods of the EPIC design have been described previously [24,25]. Briefly, 521,448 men and
women mostly aged 25–70 years were enrolled between 1992–2000 in 23 sub-cohorts in 10 European
countries (Denmark, France, Germany, Greece, Italy, The Netherlands, Norway, Spain, Sweden, and
United Kingdom). The present analysis is based on participant data from all sub-cohorts except
for Norway. At recruitment, standardized dietary, lifestyle and socio-demographic questionnaires
including information on physical activity, education, smoking and medical history; anthropometric
data, and blood samples were collected from participants. Blood and DNA samples are stored at the
International Agency for Research on Cancer (IARC, Lyon, France) at −196 ◦C under liquid nitrogen for
all countries except Denmark (−150 ◦C, nitrogen vapor) and Sweden (−80 ◦C freezers). Sample storage
standardization including DNA extraction and quantification protocols were previously described
in [26].

All study participants provided written informed consent. Ethical approval for the EPIC study
was obtained from the review boards of the IARC (IARC Ethics Committee) and local participating
centers. Study design methods were performed in accordance with the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology) guidelines (https://www.strobe-statement.org/
index.php?id=strobe-home).

2.2. Follow-Up for Cancer Incidence

Cancer incidence was determined through record linkage with population-based cancer registries
(Denmark, Italy, Netherlands, Spain, Sweden, United Kingdom) or via a combination of methods,
including the use of health insurance records, cancer and pathology registries, and active contact of
study subjects or next-of-kin (France, Germany, Greece). Complete follow-up censoring dates for this
study varied among centers, ranging between June 2002 and June 2003.
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2.3. Selection of Cases and Controls and Study Design

Case subjects were men and women who developed first incident CRC after recruitment and before
the latest follow-up date. Cancer incidence data were coded using the 10th Revision of the International
Classification of Diseases (ICD-10) and the second revision of the International Classification of Disease
for Oncology (ICDO-2). Colon cancers were defined as tumors in the cecum, appendix, ascending
colon, hepatic flexure, transverse colon, splenic flexure, descending and sigmoid colon (C18.0-C18.7),
and overlapping or unspecified origin tumors (C18.8 and C18.9). Rectal cancers were defined as tumors
occurring at the recto-sigmoid junction (C19) or rectum (C20). Anal canal cancers (C21) were excluded.
Colorectal cancer is the combination of the colon and rectal cancer cases.

All subjects with prior cancer diagnosis at any site (except non-melanoma skin cancer) were
excluded. Cases were matched 1:1 by study center of enrollment, sex, age at blood collection, time of
blood collection and fasting status, and menopausal status among women. Premenopausal women
were matched on phase of menstrual cycle and postmenopausal women were matched on current
hormonal therapy (HT) use. The matching was done as part of a previously published study on
Se status [5], except for cases from Denmark for which new control subjects were identified due
to problems with accessing the biobank. Furthermore, additional newly identified cases with their
matching controls were also included for the genotyping from all participating countries but did not
have biomarkers of Se status. Sweden was the only country of the nine participating in the genetic
analysis for which we had no Se status data. Hence, there were 1478 cases and 1478 controls available
for genotyping but the Se status information was only available for 966 of the cases and for 966 of
the controls.

2.4. Gene Selection and Rationale

To examine selenoprotein gene and wider Se pathway gene variations in relation to CRC risk,
we selected 1264 functional and haplotype tagging SNPs (tagSNPs) to comprehensively analyze
common SNP variation in 164 Se pathway genes, which we assigned into eight functional pathways
(listed in Supplementary Table S1). These included 42 genes in the primary selenoprotein pathway
1 (25 selenoprotein genes and 17 genes involved in Se transport and metabolism), and 122 genes
in pathways 2–8 from (i) pathways affected by Se intake (Wnt, mTOR, Nrf2 and NF-κB signaling,
endoplasmic reticulum and oxidative stress responses), and (ii) associated pathways of inflammatory
response, apoptosis, DNA repair, Transforming growth factor (TGF) beta-signaling, and cell-cycle
control [12] as detailed in Méplan and Hesketh, 2012 [13]. Variants in several genes from these affiliated
pathways have been associated with CRC risk including regions of the Wingless/Integrated (Wnt)
signaling gene C-MYC in CRC genome-wide association studies (GWAS) [27]. Our SNP analysis
set was substantially enlarged from and included the 384 Se pathway SNPs (in 72 Se related genes)
Se ‘SNP-Chip’ devised for a similar study of gene-Se interaction in a prostate cancer study within
EPIC [28].

2.5. Tagging Single Nucleotide Polymorphism (tagSNP) Selection Protocol

A list of SNPs in all gene regions was compiled using the data from HapMap (release 27, based on
dbSNP version b126 and NCBI genome build 36). TagSNPs were selected by use of the Tagger algorithm
as implemented in the Haploview 3.2 software (Broad Institute, Cambridge, MA, USA). Parameters
used for SNP selection were a Minor Allele Frequency (MAF) ≥5% in Caucasians and pairwise tagging
(r2 ≥ 0.8). To include SNPs in promoter and potential regulatory regions, +/− 2 to 5 kilo base-pairs
beyond the 5′ and 3′ ends were included. Additionally, known functional variants in our selected
genes were added to the tagSNP list, e.g., for the selenoproteins these included rs7579, rs297299,
and rs3877899 in SELENOP [4]. Selected SNPs were then assessed for suitability for the Illumina
GoldenGateTM (Saffron Walden, Essex, UK) genotyping platform using Illumina’s custom assay building
platform (https://www.illumina.com/Documents/products/technotes/technote_goldengate_design.pdf).
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Fifty-five SNPs which failed assay development criteria were replaced by proxy SNPs, i.e., those within
the same genic region in high LD (r2 > 0.8) to the original SNP. Proxy SNP replacements for functional
selenoprotein SNPs which failed assay design included rs1800668 for GPX1-rs1050450, and rs5845 plus
rs540049 for SELENOF-rs5859. However, there were no adequate proxies for SELENOS-rs34713741 or
GPX4-rs713041.

2.6. Genotyping

A total of 1264 SNPs from 164 Se pathway genes were genotyped by Illumina GoldengateTM in
DNA samples available for 1478 case-control pairs matched within EPIC. Genotyping was performed
simultaneously for cases and controls, blinded to case-control status (but with matched pairs analyzed
in the same batch). A total of 62 replicate samples were genotyped to test for internal quality control,
approximately 2 per genotyping plate, with the lowest reproducibility frequency for each of the
replicates of 0.98. Samples with unclear or failed genotype calls were excluded from the analysis,
leaving 1420 cases and 1421 controls for subsequent analyses.

From the 1264 initially selected, 96 SNPs failed genotyping, 27 failed Hardy–Weinberg Equilibrium
(HWE), and 101 had less than 80% successfully genotyped samples. Thus, 1040 SNPs in 154 Genes
(24 selenoprotein genes analyzed of 25, and 130 other Se pathways genes) with at least 80% genotypes
across all genotyped samples were included in the final dataset (with a final genotyping call rate of
0.97, excluding zero call rate and those removed). Supplementary Table S2 provides the full gene and
SNP list successfully analyzed in the current study.

2.7. Selenium Status Assays

Measurements of serum Se and SELENOP were previously done for a subset (966 cases and
966 controls) of the current analyzed cohort. The methods used were described in Hughes et al., 2015
and Hybsier et al., 2017 [5,29]. Briefly, total Se levels were measured in 4 uL of each serum sample
using a bench-top total reflection X-ray fluorescence (TXRF) spectrometer (PicofoxTM S2, Bruker Nano
GmbH, Berlin, Germany). SELENOP protein concentrations were ascertained from 20 μL of each serum
sample by a colorimetric enzyme-linked immunoassay (Selenotest™, ICI GmbH, Berlin, Germany).
For quality-control, the sample type (case or control) was blinded and two serum samples of known Se
and SELENOP concentrations for intra-assay variability were included in each analysis plate. The
samples were measured in duplicate and the mean concentration values, standard deviation (SD),
and coefficient of variation (CV) were calculated. Duplicate samples with variances in concentration
over 10% were re-measured. The evaluation was performed using GraphPad Prism 6.01 (GraphPad
Software, La Jolla, CA, USA) using a four-parameter logistic function. The CV was 7.3% and 7.2% for
controls 1 (SELENOP: 1.5 mg/L) and 2 (SELENOP: 8.6 mg/L), respectively.

2.8. Statistical Analysis

Both unconditional and conditional logistic regression analysis were carried out to assess the
association of individual SNPs with CRC risk, adjusting for age (as a continuous variable), sex, and
study center and provided similar results. We present the data for the unconditional logistic regression.
Four standard genetic analysis models were tested for disease penetrance: multiplicative, additive,
common recessive, and common dominant models [30]. Sub-group analyses by sex and anatomical
sub-site of the colorectum (colon and rectum) were conducted. The associations between Se and
SELENOP concentrations and genetic variants (coded as 0, 1, 2 corresponding to the number of minor
alleles) were assessed among controls using linear regression models adjusted for age, sex, and center.
Further adjustment by body mass index (BMI), smoking status, and physical activity did not change
the results substantially.

Multiple testing corrections were performed by the Benjamini–Hochberg (BH) procedure [31].
P-values were also adjusted for correlated tests (PACT) to take account of the correlated nature of the
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SNP data in biologically relevant and related pathways [32]. BH was performed for all SNPs, followed
by PACT for the genes that had SNPs with P < 0.01.

We further employed exploratory gene- and pathway-based testing based on overall SNP
variation to help identify possible important Se related biological pathways and genes with multiple
risk variants that may be discounted in multiple testing corrections for the large number of SNPs
with small effect sizes in a SNP by SNP approach. Genes were classified a priori into a primary
best-known functional pathway based on the literature (listed in Supplementary Table S1). Gene-
and pathway-based P-values were computed using the PIGE (Self-Contained Gene Set Analysis for
Gene- and Pathway-Environment Interaction Analysis) R package which implements the modified
Adaptive Rank Truncated Product (ARTP) test using a permutation algorithm [33] to accommodate
gene-environment interactions (https://cran.rproject.org/web/packages/PIGE/index.html). Prior to this
analysis, SNPs in high linkage disequilibrium (LD) were removed using AdaJoint [34] and the online
tool SNPsnap (https://data.broadinstitute.org/mpg/snpsnap/about.html) so that all SNP pairs had LD
r2 < 0.8. Gene x Se status interactions were also examined using the PIGE R package. Although these
methods do not identify individual susceptibility loci, they may help to identify a pathway that could
modify the association between Se status and CRC risk. An advantage is that they do not require a
priori knowledge of directionality for the variants.

All statistical tests were two-sided, and P-values < 0.05 were considered statistically significant
(except P < 0.1 for PACT). Analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC,
USA) and R (R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org/)
statistical packages.

3. Results

3.1. Baseline Characteristics of Participants

The baseline characteristics of participants are presented in Table 1. Colon and rectal cancer cases
were diagnosed, on average, 4.1 and 4.2 years after blood collection, respectively. CRC cases were
overall less likely to be physically active compared to controls. There were no data on Se supplement
use for our study participants.

Table 1. Selected baseline characteristics of incident colon and rectal cancer cases and controls, the
European Prospective Investigation into Cancer and Nutrition (EPIC) study, 1992–2003.

Characteristic Colon Cancer Cases Rectal Cancer Cases Controls

N 900 520 1419
Women, N (%) 475 (52.8) 230 (44.2) 701 (49.4)

Mean age at blood collection, (SD) yrs 58.8 (7.5) 58.0 (6.9) 58.6 (7.4)
Mean years of follow-up (SD) yrs 4.1 (2.3) 4.2 (2.2)

Smoking status, N (%) *

Never 385 (42.8) 195 (37.5) 594 (41.9)
Former 299 (33.2) 177 (34) 460 (32.4)
Smoker 204 (22.7) 142 (27.3) 349 (24.6)

Physical activity, N (%) *

Inactive 129 (14.3) 73 (14) 183 (12.9)
Moderately inactive 257 (28.6) 145 (27.9) 367 (25.9)
Moderately active 374 (41.6) 209 (40.2) 612 (43.1)

Active 75 (8.3) 55 (10.6) 148 (10.4)
BMI, kg/m2, (SD) 26.9 (4.36) 26.6 (3.92) 26.3 (3.84)
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Table 1. Cont.

Characteristic Colon Cancer Cases Rectal Cancer Cases Controls

Country, N (%)

Sweden 55 (6.1) 33 (6.3) 86 (6.1)
Denmark 174 (19.3) 164 (31.5) 340 (24)

The Netherlands 99 (11) 54 (10.4) 158 (11.1)
United Kingdom 166 (18.4) 74 (14.2) 250 (17.6)

Germany 110 (12.2) 69 (13.3) 169 (11.9)
France 22 (2.4) 6 (1.2) 29 (2)
Italy 144 (16) 58 (11.2) 198 (14)
Spain 101 (11.2) 45 (8.7) 141 (9.9)

Greece 29 (3.2) 17 (3.3) 48 (3.4)

* Percentages do not add up to 100% due to missing values. Abbreviations: BMI, body mass index; N, sample size;
SD, standard deviation; yrs, years.

3.2. Se Pathway Genetic Variation and Colorectal Cancer (CRC) Risk Association

The 1040 tagging SNPs successfully analyzed from 154 genes and in HWE are shown in
Supplementary Table S2 (which also provides all the genetic analysis results for CRC, plus stratified
analyses for colon and rectal sub-site and by sex). These include 325 SNPs from 41 selenoprotein
and Se transport/selenoprotein biosynthesis genes (designated as the primary Se pathway 1), and
715 variants from the other 113 wider Se metabolic pathway genes (pathways 2–8). A summary of
the genetic associations before and after multiple testing corrections is provided in Supplementary
Figure S1. Prior to adjustment for multiple comparisons, there were 144 SNPs in 63 genes nominally
associated with CRC risk (P < 0.05 in at least one of the disease penetrance models tested; listed in
Supplementary Table S3). There were 28 unique SNPs in LD with other associated SNPs and these are
listed and highlighted in Supplementary Table S3 (tab ‘LD CEU’). Among the 40 SNPs significantly
associated with CRC risk from pathway 1, approximately half (21) were in 12 selenoprotein genes
(i.e., 50% of the 24 selenoprotein genes successfully genotyped out of 25) and have the potential to
affect the function or expression of individual selenoproteins, although this remains to be investigated.
These 12 selenoprotein genes include those previously found associated with CRC risk (GPX1, GPX4,
SELENOF, TXNRD1, TXNRD2, TXNRD3; for reviews, see [4,21]) and several with limited prior or
no previous evidence of association with CRC risk (DI01, GPX6, SELENOM, SELENON, SELENOT,
SELENOV). The other 19 SNPs associated with CRC in pathway 1 are in 8 of the 17 (47%) other Se
transport /selenoprotein biosynthesis genes. Therefore, they have the potential to affect the synthesis
of most selenoproteins (which also needs to be examined). Notably, 31% of the genes harboring
SNPs associated with CRC risk (20 of 63) were related to selenoprotein biosynthesis and function
implicated in protection from cancer development [4,21] with pathway 1 and 2 proteins involved
in (1) Se homeostasis (SELENOP, SEPHS1, SEPSEC, EFSEC, SCLY), (2) antioxidant enzymes (GPXs,
TXNRDs, SELENON), and (3) endoplasmic reticulum (ER) function or stress (SELENOF, SELENOM,
SELENOT, and again SELENON). Additionally, several of these genes (e.g., GPX1, GPX5, LRP2,
SEPHS1, SELENOM, SELENON, TXNRD1, and TXNRD2) had multiple SNPs and/or SNPs with raw
P-values < 0.01 associated with CRC risk further supporting a role of selenoproteins, selenoprotein
metabolism, ER stress, and oxidative stress in CRC development. Table 2 lists the SNPs in the primary
Se pathway 1 with raw P-values < 0.01 associated with CRC risk.

In pathways 3–8, considering genes with multiple SNPs associated with CRC risk or SNPs with raw
P-values < 0.01 for at least one genetic model, there were several notable and some novel associations
with CRC risk for genes in pathways 3 (C-MYC, FRZB), 4 (APAF1, BAX, FOXO3), 5 (IL12B, RPS6KA2,
TRL4), 6 (MSH2, MSH3) and 7 (BMP2, BMPR2, SMAD3, SMAD7, TFGB1).
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Table 2. Single nucleotide polymorphisms (SNPs) associated with colorectal cancer (CRC) risk in
primary selenium pathway 1 (selenium and selenoprotein transport, biosynthesis and metabolism)
with raw P-values < 0.01 in at least one genetic model prior to multiple testing adjustment, the EPIC
study, 1992–2003.

Gene/SNP/Genotype CRC Control OR (95% CI) P PBH
+

GPX1/rs17080528

GG 700 620 1.00 (ref) 0.010 0.703
GA 580 636 0.81 (0.69,0.95)
AA 131 154 0.75 (0.58,0.97)
Additive * 1411 1410 0.84 (0.75,0.95) 0.003 0.554
Dominant (GA + AA vs. GG) 1411 1410 0.80 (0.69,0.92) 0.003 0.534
Recessive (AA vs. GG + GA) 1411 1410 0.83 (0.65,1.06) 0.137 0.854

SELENOM/rs11705137

AA 367 346 1.00 (ref) 0.024 0.753
AG 631 648 0.91 (0.75,1.09)
GG 288 359 0.74 (0.60,0.92)
Additive * 1286 1353 0.86 (0.78,0.96) 0.008 0.684
Dominant (AG + GG vs. AA) 1286 1353 0.85 (0.71,1.01) 0.064 0.815
Recessive (GG vs. AA + AG) 1286 1353 0.79 (0.66,0.95) 0.012 0.710

SELENON/rs4659382

GG 783 713 1.00 (ref) 0.019 0.747
GC 509 573 0.80 (0.69,0.94)
CC 96 107 0.82 (0.61,1.10)
Additive * 1388 1393 0.86 (0.76,0.97) 0.011 0.710
Dominant (GC + CC vs. GG) 1388 1393 0.81 (0.69,0.94) 0.005 0.625
Recessive (CC vs. GG + GC) 1388 1393 0.90 (0.67,1.20) 0.455 0.954

SEPHS1/rs2275129

GG 361 423 1.00 (ref) 0.032 0.780
GC 726 690 1.23 (1.03,1.47)
CC 321 295 1.28 (1.04,1.58)
Additive * 1408 1408 1.14 (1.02,1.26) 0.017 0.747
Dominant (GC + CC vs. GG) 1408 1408 1.25 (1.05,1.47) 0.010 0.697
Recessive (CC vs. GG + GC) 1408 1408 1.12 (0.94,1.34) 0.217 0.885

TXNRD1/rs11111979 ˆ

GG 395 429 1.00 (ref) 0.015 0.745
GC 627 680 1.00 (0.84,1.20)
CC 279 230 1.34 (1.07,1.67)
Additive * 1301 1339 1.14 (1.02,1.27) 0.022 0.749
Dominant (GC + CC vs. GG) 1301 1339 1.09 (0.92,1.28) 0.315 0.932
Recessive (CC vs. GG + GC) 1301 1339 1.33 (1.10,1.62) 0.004 0.566
+ = After Benjamini–Hochberg (BH) multiple testing correction; * = Additive models impose a structure in
which each additional copy of the variant allele increases the response (log odds ratio) by the same amount; ˆ =
TXNRD1 rs11111979 was borderline significant after adjustment for correlated tests (PACT = 0.10). EPIC = European
Prospective Investigation into Cancer and Nutrition.

None of the SNPs in the primary Se pathway 1 remained significant after multiple testing
corrections by the BH procedure. Overall, only 6 SNPs harbored by more distantly related genes
in cell-signaling pathways retained significance (FRZB, SMAD3, and SMAD7; see Table 3). Genes
harboring SNPs with raw P-values < 0.01 with CRC risk for at least one genetic model (21 genes/34
SNPs) were further considered for gene-wide variance significance by the PACT method. For pathway
1, the TXNRD1 selenoprotein variant rs11111979, an intron 3′–5′UTR SNP previously associated with
healthy aging [35], remained borderline significant for an association with CRC risk (PACT = 0.100;
PACT significance threshold was P < 0.1) in the recessive genetic model. Including FRZB, SMAD3 and
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SMAD7, the other wider pathway genes retaining significance were C-MYC (PACT = 0.032), BMP2
(PACT = 0.012) and BAX (PACT = 0.035).

Table 3. Single Nucleotide Polymorphisms (SNPs) statistically significantly associated with colorectal
cancer (CRC) risk after Benjamini–Hochberg (BH) multiple testing correction, the EPIC study, 1992–2003.

Gene/SNP/Genotype CRC Control OR (95% CI) P PBH

FRZB/rs17265803 ˆ

AA 844 976 1.00 (ref) 3.04E-06 0.003
AG 315 240 1.56 (1.28,1.89)
Additive * 1163 1232 1.35 (1.13,1.62) 0.001 0.372
Dominant (AG + GG vs. AA) 1163 1232 1.48 (1.22,1.79) 6.77E-05 0.034
Recessive (GG vs. AA + AG) 1163 1232 0.26 (0.09,0.80) 0.018 0.747

SMAD3/rs7180244 ˆ

GG 994 1183 1.00 (ref) 2.22E-16 1.12E-12
GC 372 198 2.33 (1.92,2.83)
Additive * 1372 1388 2.16 (1.79,2.60) 1.11E-15 3.74E-12
Dominant (GC + CC vs. GG) 1372 1388 2.28 (1.88,2.77) 1.11E-16 1.12E-12
Recessive (CC vs. GG + GC) 1372 1388 0.87 (0.29,2.61) 0.804 0.997

SMAD7/rs11874392

AA 478 400 1.00 (ref) 1.39E-07 2.82E-04
AT 704 671 0.88 (0.74,1.04)
TT 222 337 0.55 (0.44,0.68)
Additive * 1404 1408 0.75 (0.68,0.84) 1.99E-07 3.36E-04
Dominant (AT + TT vs. AA) 1404 1408 0.77 (0.65,0.90) 0.001 0.372
Recessive (TT vs. AA + AT) 1404 1408 0.59 (0.49,0.72) 6.26E-08 1.58E-04

SMAD7/rs12953717

GG 366 470 1.00 (ref) 3.47E-05 0.019
GA 671 643 1.36 (1.14,1.62)
AA 335 273 1.60 (1.29,1.98)
Additive * 1372 1386 1.27 (1.14,1.41) 9.07E-06 0.006
Dominant (GA + AA vs. GG) 1372 1386 1.43 (1.21,1.68) 2.38E-05 0.014
Recessive (AA vs. GG + GA) 1372 1386 1.32 (1.10,1.59) 0.003 0.534

SMAD7/rs4939827

AA 433 378 1.00 (ref) 6.46E-06 0.005
AG 664 634 0.92 (0.77,1.09)
GG 248 357 0.60 (0.49,0.75)
Additive * 1345 1369 0.79 (0.71,0.87) 9.46E-06 0.006
Dominant (AG + GG vs. AA) 1345 1369 0.80 (0.68,0.95) 0.009 0.697
Recessive (GG vs. AA + AG) 1345 1369 0.64 (0.53,0.77) 1.66E-06 0.002

SMAD7/rs6507874

AA 467 389 1.00 (ref) 1.93E-06 0.002
AG 705 677 0.87 (0.73,1.03)
GG 234 336 0.57 (0.46,0.71)
Additive * 1406 1402 0.77 (0.69,0.86) 1.26E-06 0.002
Dominant (AG + GG vs. AA) 1406 1402 0.77 (0.65,0.90) 0.001 0.420
Recessive (GG vs. AA + AG) 1406 1402 0.63 (0.52,0.76) 1.16E-06 0.002

ˆ = Results for the rare homozygous genotypes are omitted for these SNPs due to the small sample numbers
with these genotypes; * = Additive models impose a structure in which each additional copy of the variant allele
increases the response (log odds ratio) by the same amount. EPIC = European Prospective Investigation into Cancer
and Nutrition.

Supplementary Table S3 also catalogs the SNPs with raw significant P-values and the BH
corrections stratified by cancer sub-site (comprising 138 SNPs in 65 genes for colon in tab ‘colon cancer’
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and 123 SNPs in 54 genes for rectum listed in tab ‘rectal cancer’). Additionally, the tab ‘All’ lists all
the SNPs showing an association for CRC, colon only, rectal only, plus the analyses stratified by sex.
Generally, there was predominate overlap in the genes associated with CRC and sub-site risks. Genes
containing variants uniquely associated only with sub-site risk plus raw P-values < 0.01 comprised
rs12124257 in PTGS2 for colon cancer and 4 SNPs in IL10 for rectal cancer.

3.3. Associations Between Se Pathway Genetic Variation and Se Status

Among controls, 99 different SNPs in 55 genes were nominally associated with Se status (raw
P-values < 0.05). From these 99 variants, 87 SNPs from 45 genes were associated with either Se or
SELENOP levels (55 SNPs in 33 genes and 56 SNPs in 37 genes, respectively) while the other 12
variants from 10 genes were associated with both Se status measures, including 2 each in HIF1A and
SMAC. Eight pathway 1 genes harbored 14 SNPs significant for Se level changes (including 7 SNPs in
5 selenoprotein genes) while 9 pathway 1 genes carried 15 variants significant for SELENOP status
association (11 SNPs in 6 selenoprotein genes). However, none of the associations retained significance
after BH multiple testing adjustments. These SNP IDs together with the beta coefficients for change in
Se (μg/L) or SELENOP (mg/L) are listed according to gene pathway in Supplementary Table S4.

3.4. Pathway Analysis

An exploratory analysis of CRC risk with gene variation and gene x Se status interaction within
eight predefined pathways was performed using the PIGE package. A summary of the main PIGE
results per pathway is presented in Table 4, while Supplementary Table S5 provides all the P-values for
each gene per pathway designation. Considering nominal significance for association with disease risk
by pathway of P < 0.05, then these analyses suggest that TGF-beta signaling (P < 0.001) is the sole
pathway highly associated with CRC risk independent of Se status interaction. Antioxidant/redox
pathway genetic variation combined with Se status interactions was associated with a significant effect
on CRC risk (P = 0.011 and 0.010 for Se and SELENOP interactions, respectively), possibly driven by
SNPs in HIF1A, KEAP1, GPX7, CAT, and SOD2 (when considering the P-values for each individual
gene regarding gene only variation and gene x Se status interaction; see Supplementary Table S5). In
contrast, the risk association with gene variation in the apoptosis pathway seems to depend more on
interaction with Se levels (P = 0.003) but not with SELENOP concentrations (P = 0.105). For gene only
analyses there were several genes across the pathways associated with CRC risk including the pathway
1 genes GPX1, SELENOM, SELENON, and SEPHS1, from which only SELENON was significant for
both the gene only and gene x Se interaction PIGE analyses (Supplementary Table S5). In agreement
with previous large gene association and GWAS studies, overall genetic variation in the SMAD3,
SMAD7, BMP2, and BMPR2 genes was associated with CRC risk [36–38]. Excluding individuals with
no measurements of Se or SELENOP concentrations did not substantially change the main gene only
PIGE results (both sets of results are provided in Supplementary Table S5).

Table 4. P-values for genetic pathways and pathway-selenium (Se) status interactions and colorectal
cancer risk, the EPIC study, 1992–2003.

Pathway PPathway Only PPathway Only (non-Missing Se Status)
*** PPathway x Se Interaction PPathway x SELENOP Interaction

Se and Selenoproteins * 0.217 0.098 0.615 0.726
Antioxidant and Redox 0.173 0.072 0.011 0.010

Cell signaling ** 0.307 0.489 0.223 0.872
Apoptosis 0.361 0.097 0.003 0.105

Inflammation 0.822 0.262 0.199 0.607
DNA repair 0.739 0.432 0.175 0.088

TGFβ signaling <0.001 0.001 0.061 0.764
Cell cycle control 0.398 0.475 0.097 0.449

* Se and selenoprotein transport, biosynthesis & metabolism. ** Includes Wnt, mTOR, NfkB, and Nrf2 signaling.
*** Includes only participants with non-missing blood Se or SELENOP concentrations. EPIC = European Prospective
Investigation into Cancer and Nutrition.
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4. Discussion

The results of this prospective nested case-control study represent the largest reported analysis of
both the association of Se pathway SNP variation and the interaction with Se status biomarkers (serum
Se levels and SELENOP protein concentrations) with CRC risk. The analysis of 1,040 tagSNPs in 154 Se
pathway genes in DNA samples from 1,420 CRC cases and 1,421 controls within EPIC indicated that
144 of these SNPs in 63 genes were nominally associated with CRC risk. However, for pathway 1 only
the TXNRD1 selenoprotein gene rs11111979 SNP retained borderline significance after correction for
multiple testing. For pathways 2–8, variants in BAX, BMP2, C-MYC, FRZB, SMAD3, and SMAD7
passed significance thresholds following these adjustments.

Selenoprotein genes nominally associated with CRC risk included several with limited or no
prior evidence (DIO1, GPX6, SELENOM, SELENON, SELENOT, SELENOV) and those reported in
several studies (GPX1, GPX4, SELENOF, TXNRD1, TXNRD2, TXNRD3) for an association with CRC (or
specifically colon or rectal cancer) risk. This latter group of genes has been more extensively examined
due to their putative roles related to cancer prevention in colonic tissue (for reviews, see [4,21]), while
the former group of selenoprotein genes have generally less well-characterized function, especially
regarding how they may affect colorectal function and CRC development. Overall, any functional
consequences from genetic variations in these genes, together with Se status, may affect several oxidative
stress, inflammatory, and signal translation pathways implicated in colorectal carcinogenesis [13,39].
Notably several of these genes are ER-resident selenoproteins (SELENOF, SELENOM, SELENON,
SELENOT), thought to be involved in ER-stress response and calcium flux, comprising a potentially
important mechanism of selenoprotein-related cancer prevention or promotion [40].

None of the 3 GPX1 SNPs (rs17080528, rs3448, rs9818758) or rs2074451 in GPX4 associated with
CRC risk are in high LD (i.e., r2 ≥ 0.8) to the functional GPX1 Pro/Leu rs1050450 and GPX4 rs713041 SNPs
(for which the Illumina assays failed) previously implicated in prostate, breast, lung (rs1050450), and
CRC risk (rs713041) [4]. However, from these pathway 1 genes, only a TXNRD1 selenoprotein variant
(rs11111979), one of the three thioredoxin reductases which function in redox control [8], remained
borderline significant for an increased CRC risk when applying gene-wide variance considerations
by the PACT method. Interestingly, this SNP inducing a change in the 5′untranslated region of
TXNRD1, among others in TXNRD1, was previously observed to be associated with age-related
physical performance [35], and age is a primary risk factor for CRC development [41]. In the wider
metabolic pathway, following adjustment for multiple testing, genotypes for SNPs in Wnt, TGF-beta
signaling, and apoptosis pathway genes (C-MYC, FRZB, SMAD3, SMAD7, BMP2, and BAX) were also
significantly associated with CRC risk.

Positive associations of selenoprotein gene variants with CRC risk have been more commonly
reported in areas with suboptimal Se availability such as European populations, than regions with
generally adequate Se intake (e.g., North America). However, tagSNPs in several selenoprotein genes
(GPX3, TXNRD3, SELENON, SELENOF, and SELENOX) were also associated with colon or rectal
cancer risk and/or survival outcomes in two separate studies of several large case-control USA cohorts
drawn from populations with generally adequate dietary Se intakes [22,23]. Associations of multiple
SNPs in the same selenoprotein gene with CRC risk were observed in this study for GPX1, SELENON,
TXNRD1, and TXNRD2 (3, 4, 3, and 3 SNPs, respectively), broadly comparable to previous reports [4].
As reported by Slattery et al. in 2012 many of the same selenoprotein genes were separately associated
with colon and rectal cancer risk in sub-site analyses although risks often differed by SNP [22]. From
the 4 SELENON variants that were associated with CRC risk (rs11247735, rs2072749, rs4659382, and
rs11247710), the first 3 were previously associated with rectal cancer risk in this North American
cohort [22]. In our sub-site analyses, rs11247735, rs2072749, and rs11247710 were associated with rectal
cancer risk only, and rs4659382 with both colon and rectal cancer. We also found further modifications
of gene only and gene-Se risk for CRC by sex, as indicated by our previous studies of selenoprotein
genetic variation in a Czech population [19] and Se status in the EPIC study [5]. This reflects the
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importance of interactions between Se intake, Se status and genotype, sex and CRC sub-type risks
(reviewed in [4]).

Prior to this study there were few data available on the interaction of selenoprotein genotype and
Se status regarding CRC risk, apart from a study in a Se replete population of North American women
which reported that the null results for serum Se did not differ by selenoenzyme (GPX1-4 and SELENOP)
genetic variants [17]. The effect of Se pathway SNPs on the efficacy of Se utilization may be particularly
relevant to CRC risk in populations with sub-optimal Se status, such as this study within EPIC [5]. We
observed that numerous genetic variations were associated with Se status levels (as assessed by serum
Se and SELENOP concentration), although these were not significant after adjustment for multiple
tests. However, in the PIGE analysis overall gene and pathway genetic variation interacted with
biomarkers of Se status to alter CRC risk. As expected, there were several variations in pathway 1
nominally associated with Se status levels. These included selenoprotein genes SELENON, SELENOP,
SELENOS, and TXNRD1 that are regulated by Se availability and whose genetic variations have been
previously shown to affect blood and tissue Se levels [6,21,42,43]. Transgenic mouse studies underlined
the critical function of SELENOP for Se organification and transport [11]. Thus, SNP interactions with
SELENOP levels may be particularly important regarding CRC risk as serum SELENOP is a functional
marker of Se status and is more associated with CRC risk than Se in this cohort [5]. Notably, all 4 of
the variants associated with both SELENOP status and CRC risk in the SNP only analysis were from
2 selenoprotein genes; rs4659382, rs11247710, and rs2072749 in SELENON and the PACT borderline
significant rs11111979 variant in TXNRD1. Selenoproteins SELENOP, SELENON, and TXNRD1 are
antioxidant enzymes and their genetic variations plus regulation by SELENOP levels may be important
factors in relation to colorectal carcinogenesis. We observed an association of SELENOP levels with
rs6413428 in SELENOP, which in a SNP-only analysis was previously observed to be associated with
CRC risk in the USA [44], an area of generally high Se status, but not in our study. Another SELENOP
variant, rs3877899, was also associated with SELENOP status, while the GG genotype for this SNP
previously showed the highest significant correlation of all selenoprotein genotypes tested between
serum Se and activity of the vital antioxidant enzyme thioredoxin reductase [45]. This latter study
also showed a correlation between serum Se and increased DNA damage with SELENOS-rs4965373
under peroxide challenge. We selected rs12910524 in SELENOS as a proxy tagSNP for this variant (as
rs4965373 failed Illumina assay development) and found that it was significantly associated with Se
levels. The lipoprotein megalin receptor (LRP2) protein appears to mediate SELENOP uptake to various
tissues and affect plasma Se status levels [46,47]. Here, the LRP2 SNPs rs12614394, rs2229266, rs2389557,
rs700552, and rs9789747 were associated with CRC risk alone while the rs3755166 promoter SNP was
associated with Se levels. Previously, rs3755166 has been associated with Alzheimer’s disease with
the rare allele showing decreased transcriptional activity [48]. Intriguingly, this indicates a potential
mechanism for the suggested link of sub-optimal Se status with neurodegenerative disease [49].

Supporting the data presented here, GPX1 and GPX4 selenoprotein gene loci have been implicated
in GWAS of inflammatory bowel disease (IBD), which is a risk factor for CRC development [50,51].
Additionally, the rs7901303 variant from the selenophosphate synthetase 1 (SEPHS1) gene, which plays
a major role in selenoprotein synthesis, was associated in this study with CRC risk (before multiple
testing corrections). rs7901303 was previously associated with risk of Crohn’s disease in interaction
with serum Se levels in a sub-optimal Se population of New Zealand [52]. The genetic associations
identified in these studies suggest therefore a key role of the corresponding proteins in colorectal
function and/or the carcinogenic process.

Genomic studies and animal models have shown Se intake to not only affect expression of
selenoprotein genes but also pathways key to colorectal carcinogenesis such as the antioxidant
response, immune and inflammatory pathways (including NFkB and Nrf2 signaling) and the Wnt
signaling pathway [4,13,53]. Furthermore, expression of constituents of these metabolic pathways
has been shown to be affected by Se level in human rectal biopsies [54]. Therefore, in addition to a
focus on Se metabolism and selenoprotein genes, the present analysis also encompassed a substantial
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examination of genetic variations in these selenium-relevant pathways. Associations of multiple SNPs
in the same gene (several of which are novel) with CRC risk were observed in genes from pathways 2–8,
e.g., BAX, GPX5, FOXO3, IL12B, TLR4, MSH2, MSH3, TGFB1, as well as IL10 with rectal cancer risk.
Polymorphisms in several of these genes have previously been associated with CRC risk [55–62]. After
BH multiple testing corrections, SNPs in cell-signaling pathways retained significance (FRZB, SMAD3,
and SMAD7). The variants in both SMAD genes were previously linked to CRC by GWAS, suggesting
a role of these variants in CRC development [38]. The association of rs17265803 in FRZB appears to
be novel and it is not in LD with the functional FRZB genetic variant Arg324Gly (rs7775) previously
reported to be associated with an increased CRC risk [63], although this was not replicated in a nested
case-control study [64]. Additional genetic variants retaining significance by PACT were rs6983267 in
C-MYC previously identified in a meta-GWAS [65], rs235770 in BMP2 previously associated with colon
cancer risk [37], and a novel association of rs4645887 in BAX.

In the pathway analysis, all the Se pathway genes were grouped into a primary best-known
functional pathway and were analyzed for the association of whole gene and whole pathway genetic
variation with CRC risk, and in interaction with Se status. Neither gene only variation or interactions
with Se status in the core pathway 1 selenoprotein and biosynthesis pathway were associated with CRC
risk by pathway, although gene only variation for GPX1, SELENOM, SELENON, and SEPHS1 plus gene
x Se status interactions for SELENON (with SELENOP) and PSTK (with Se) were associated with CRC
risk. In the gene x Se analysis, only pathway 2 (antioxidant/redox) was significant for an association
with CRC risk for both Se and SELENOP. Alternatively, it also remains possible that the genetic ‘noise’
from any irrelevant selenoproteins masked the overall risk associations for pathway 1 (based on the
rationale that most genes in pathways like oxidative stress are important in cancer prevention but that
some of the selenoproteins may be irrelevant to colorectal carcinogenesis, as they are included solely
because they share selenocysteine motifs). This is partly supported by the strongest association (by
PIGE) in pathway 1 for gene variance in GPX1, which has been previously implicated in risk of various
cancers [4]. However, these pathway divisions cannot reflect, for example, the biological overlaps with
the antioxidant selenoprotein genes in pathway 1 and their non-Se containing counterparts in pathway
2. Several aspects of our data suggest a potentially under-appreciated focus on variation in apoptosis
genes (pathway 4) and CRC risk that may also be modified by Se status. These comprise the association
of several SNPs in both the FOXO3 and BAX genes (including the PACT significant rs4645887 variant in
BAX) with CRC risk, significance of FOXO3 for overall gene variation, and several significant findings
of SNP x Se and gene x Se status interactions for genes in this pathway (e.g., SMAC, CASP8, MAPK8,
and MAPK9). Overall, our analyses suggest that genetic variation in TGF beta signaling (pathway
7), which includes members such as BMP2, BMPR2, SMAD3, and SMAD7 implicated in CRC risk by
previous large case-control and GWAS reports [36–38], is sufficient to alter CRC risk, independent of
Se status interaction, while SNP risk associations attributed to the antioxidant and apoptosis pathways
may be significantly modified by Se status interactions.

Strengths and weaknesses of our study design for the Se status analyses have been discussed
earlier [5]. The hypothesis-driven approach and appreciable sample size within a large, prospective
study allowed an extensive examination of Se pathway genetic variation (including gene pathway
analyses) and the interaction with robust markers of Se status regarding CRC risk. Despite the large
sample size, gene pathway, gene–Se interaction analysis and some stratified analyses had limited
power, particularly analyses by sex and anatomical sub-sites. The pathway designations were assigned
based on known function from the literature, and there will be interactions between these pathways
that we were not able to model. Finally, as most of the reported associations involve tagSNPs of
no known functionality (or the actual contributing functional variant(s) they tag) additional genetic
mapping and lab-based studies will be needed to explore these aspects.
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5. Conclusions

In summary, the present study indicates that genetic variation in selenoprotein genes and genes
in antioxidant/redox, Wnt, apoptotic, and TGF-beta signaling pathways may modify risk of CRC
development. Furthermore, for genes in antioxidant/redox and apoptotic pathways the influence
of SNPs on the disease risk is also dependent on interaction with Se status. Overall, these results
taken together with our previous study [5] suggest that risk of CRC may be modified by genotype,
Se status, sex, and gene variation interactions within biological pathways. Thus, will individuals
harboring these genotypes benefit from increased Se intake, including consideration of ‘Se adequate’
environments, such as the US, where Se intervention trials have not shown a significant benefit in the
general population [66]? Before such a recommendation can be defined, further examination of these
findings in other populations and investigation of Se metabolism is needed to clarify the relevance of
the Se pathway and signaling genotypes for CRC etio-pathogenesis, especially for individuals with
suboptimal Se status.
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Abstract: Dietary selenium (Se) intake is essential for synthesizing selenoproteins that are important
in countering oxidative and inflammatory processes linked to colorectal carcinogenesis. However,
there is limited knowledge on the selenoprotein expression in colorectal adenoma (CRA) and
colorectal cancer (CRC) patients, or the interaction with Se status levels. We studied the expression
of seventeen Se pathway genes (including fifteen of the twenty-five human selenoproteins) in RNA
extracted from disease-normal colorectal tissue pairs, in the discovery phase of sixty-two CRA/CRC
patients from Ireland and a validation cohort of a hundred and five CRC patients from the Czech
Republic. Differences in transcript levels between the disease and paired control mucosa were
assessed by the Mann-Whitney U-test. GPX2 and TXNRD3 showed a higher expression and GPX3,
SELENOP, SELENOS, and SEPHS2 exhibited a lower expression in the disease tissue from adenomas
and both cancer groups (p-values from 0.023 to <0.001). In the Czech cohort, up-regulation of GPX1,
SELENOH, and SOD2 and down-regulation of SELENBP1, SELENON, and SELENOK (p-values 0.036
to <0.001) was also observed. We further examined the correlation of gene expression with serum
Se status (assessed by Se and selenoprotein P, SELENOP) in the Irish patients. While there were no
significant correlations with both Se status markers, SELENOF, SELENOK, and TXNRD1 tumor tissue
expression positively correlated with Se, while TXNRD2 and TXNRD3 negatively correlated with
SELENOP. In an analysis restricted to the larger Czech CRC patient cohort, Cox regression showed
no major association of transcript levels with patient survival, except for an association of higher
SELENOF gene expression with both a lower disease-free and overall survival. Several selenoproteins
were differentially expressed in the disease tissue compared to the normal tissue of both CRA and
CRC patients. Altered selenoprotein expression may serve as a marker of functional Se status and
colorectal adenoma to cancer progression.

Keywords: selenium (Se), selenoproteins; gene expression; selenium status; selenoprotein P;
colorectal neoplasm; colorectal cancer; colorectal adenoma; biomarkers; cancer risk
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1. Introduction

Worldwide, colorectal cancer (CRC) is the second most common cancer in women and the third
in men, with highest prevalence in developed countries [1]. Modifiable dietary and lifestyle patterns
are important contributors to CRC etiology [2].

In humans, the essential micronutrient selenium (Se) is incorporated as the amino acid
selenocysteine in twenty-five selenoproteins, of which several are involved in a wide variety of
metabolic pathways implicated in carcinogenesis [3–5]. Observational and intervention studies suggest
that Se status can influence colorectal adenoma (CRA) and colorectal cancer (CRC) development risk,
particularly in the geographical areas of suboptimal Se availability, such as much of Europe [6,7].
Transcriptomic and proteomic studies demonstrate that Se intake can influence the pattern of
selenoprotein expression and biosynthesis, affecting numerous oxidative stress, inflammatory, and
signal translation pathways that are important in colorectal carcinogenesis [8–10]. Due to the
hierarchical pattern of organ-specific selenoprotein expression in conditions of limited Se supply [3,11],
tumor tissue specific expression patterns may provide a biologically informative marker of CRC risk,
especially in relation to inadequate Se status [8,12].

However, there is limited data on the selenoprotein expression in CRA and CRC patient tissue, or
the relationship with Se status. Human studies have generally only examined gene or protein colonic
carcinoma tissue expression of key antioxidant selenoprotein P (SELENOP), glutathione peroxidase
(GPX), and thioredoxin reductase (TXNRD) selenoenzymes that have different hierarchical expression
regulation depending on dietary Se [3,8]. These studies have generally shown overlapping patterns of
expression, with some differences in areas of lower [13,14] to higher [15] Se availability.

To examine the pattern of selenoprotein gene expression in CRA and CRC disease tissue and
the surrounding non-neoplastic mucosa, the mRNA transcript expression level of seventeen Se
pathway genes (including fifteen selenoproteins, the related SELENBP1 Se biosynthesis gene, and
the interacting SOD2 antioxidant gene [16]) was evaluated for one hundred and sixty-seven Irish
and Czech individuals (forty CRA and a hundred and twenty-seven CRC patients) by quantitative
real-time PCR (qPCR). We were further able to compare the gene expression levels with two serum
Se status markers (Se and selenoprotein P; SELENOP) in the Irish cohort. Potentially, selenoprotein
mRNA level may be an easily measured molecular biomarker for assessing the biologically relevant Se
status [17] for protection of healthy colonic tissue.

2. Materials and Methods

2.1. Patient Characteristics

This project consisted of a discovery and validation phase. In the discovery set of samples (Irish
cohort), paired tumor tissue and adjacent non-neoplastic mucosa samples (and matched sera, where
available) were obtained from a total of sixty-two patients with colorectal carcinoma (n = 22) or
adenoma (n = 40), diagnosed at the Departments of Gastroenterology and Surgery, The Adelaide and
Meath Hospital, in Dublin. The validation set (Czech cohort) comprised a hundred and five colorectal
carcinoma patients, diagnosed at the Department of Surgery, Teaching Hospital and Medical School, in
Pilsen, between January 2008 and November 2011. The clinical characteristics of our study cohorts are
summarized in Table 1.

Irish tissue samples were collected during resection of primary tumor or by biopsy, before
treatment, while adenoma biopsies were obtained at colonoscopy during a pilot CRC screening
program as described previously [18]. Only advanced CRAs were included in the study—forty tubular
or tubulovillous adenomas of at least 1cm, of which fourteen had high grade dysplasia (HGD), as the
most screen-relevant lesions [19]. Blood samples were collected immediately within one day of surgery
or colonoscopy, in plain 6 mL VACUTAINER® tubes, (Cruinn Diagnostics, Dublin, Ireland) containing
no anticoagulant. Blood was centrifuged at 2000× g for 10 min, within 4 h of collection, to separate the
serum layer, which was then stored at −80 ◦C in cryovials. Collection and pathological processing of
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tissue samples and retrieval of data acquisition of the Czech samples, was performed as previously
described [20]. Histology was verified by an experienced pathologist at each center. All CRCs were
classified according to the tenth revision of the International Classification of Diseases (ICD-10) and
the second revision of the International Classification of Disease for Oncology (ICDO-2). The clinical
data, including age at diagnosis, sex, pTNM (Tumor stage, Regional lymph node involvement, and
distant metastasis) staging, histological grade of the tumor, and primary tumor localization were taken
from patient medical records (see Table 1).

Table 1. Clinical-pathological characteristics of the studied cohort of patients.

Cohort Irish Irish Czech

Diagnosis CRA CRC CRC

Total n of tissue samples 40 22 105
Sex n (male/female) 26/14 11/11 64/25

Age at diagnosis, median ± SD (years) 61 ± 7 years 59 ± 11 years 69 ± 11 years
Location n (colon/rectum) 28/12 15/7 82/17

T staging n (/T1/T2/T3/T4) - 6/4/9/3 -
N staging n (N0/N1 or N2) (missing) - 19/3 78/25 (2)

M staging n (M0/M1) - 21/1 -
Stage (I/II/III/IV (missing)) - 10/7/4/1 2/76/15/10 (2)

SD = standard deviation; CRC = colorectal cancer; CRA = colorectal adenoma; - = not applicable or missing;
TNM staging = Tumor stage, Regional lymph node involvement, and distant metastasis.

All patients were asked to carefully read and sign an informed consent, in accord with the 1964
Helsinki Declaration. The study was approved by the Ethical Committee of the St. James’s Hospital and
Federated Dublin Voluntary Hospitals Joint Research Ethics Committee (Ireland, reference 2007-37-17),
and the Ethical Committee of the Medical Faculty and Teaching Hospital in Pilsen (Czech Republic,
reference NT12025-4/2011). All samples were coded to protect patient anonymity.

2.2. Isolation of Total RNA

In the Irish cohort, the tissue samples were lysed on ice in 400 uL of lysis buffer (50 mmol/L
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5; 150 mmol/L NaCl; 5 mmol/L
EDTA) and protease inhibitor (Calbiochem, Hampshire, UK) followed by sonication (3 × 30 s, on ice)
and centrifugation (10,000× g for 10 min at 4 ◦C). Total RNA (as well as gDNA and protein) was then
extracted using the Norgen All-in-one purification kit (Norgen, Thorold, ON, Canada). In the Czech
cohort, tissue samples were homogenized by a mechanical disruption in liquid nitrogen using mortar
and pestle, and the total RNA was isolated using the Trizol Reagent according to the manufacturer
protocol (Invitrogen, Carlsbad, CA, USA). RNA was then stored at minus 80 ◦C and the quantity and
quality were measured, as previously described [21].

2.3. Synthesis of Complementary DNA (cDNA)

Reverse transcription of the total RNA (0.5 μg for each reaction) was performed, using random
hexamer primers and the RevertAidTM First Strand cDNA Synthesis Kit (MBI Fermentas, Vilnius,
Lithuania). Quality of the cDNA, in terms of DNA contamination, was confirmed by PCR amplification
of Ubiquitin C [22].

2.4. Relative Quantification of Gene Expression

qPCR was performed using ViiA7 Real-Time PCR System, using TaqMan® Universal Master Mix
and TaqMan® Gene Expression Assays (Life Technologies, Carlsbad, CA, USA) optimized primer
and probe sets for the fifteen selenoprotein genes SELENOP, SELENOS, GPX1-4, SELENOF, SEPHS2,
SELENOH, SELENOK, SELENON, SELENOW, TXNRD1-3, plus the Se biosynthesis gene SELENBP1
and the interacting SOD2 gene, in oxidative defense (Supplementary Table S1).
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POLR2A, PSMC4, and MRPL19 were used as the reference genes, based on stability assessment
of twenty-four potential endogenous control genes in a test set of ten pairs of CRC tumors and
non-neoplastic tissue samples [20]. Efficiency of the qPCR was determined for each assay using
calibration curves (six-point, five times dilution), which were prepared from one non-neoplastic sample
for the Czech cohort and from the mix of samples for the Irish cohort, respectively. The non-template
control contained nuclease-free water instead of cDNA. Samples with variation larger than 0.5 Cq
(quantitation cycle) were reanalyzed. The qPCR study adhered to the Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) Guidelines [23].

2.5. Serum Selenium and Selenoprotein P Measurements

The sample type (cancer, adenoma, and control) was blinded. Concentrations of the total Se were
measured in 4 μL of each serum sample, using a bench-top total reflection X-ray fluorescence (TXRF)
spectrometer (PicofoxTM S2, Bruker Nano GmbH, Berlin, Germany), as described previously [7].
SELENOP levels were ascertained by a colorimetric enzyme-linked immunoassay (SelenotestTM,
ICI GmbH, Berlin, Germany) using 5 μL of each serum sample in a 1:21 dilution, according to the
manufacturer’s instructions [24]. Duplicate samples with differences in the Se concentration varying
by more than 10% were measured again. The evaluation was performed with the GraphPad Prism 6.01
(GraphPad Software, La Jolla, CA, USA), using a four-parameter logistic function. The samples were
measured in duplicate, and the mean concentration values, standard deviation (SD), and coefficients
of variation (CVs) were calculated. The CVs were below 10% for the SELENOP controls 1 (1.5 mg/L)
and 2 (8.6 mg/L) throughout the measurements.

2.6. Statistical Analyses

Transcript levels were analyzed by Viia7 System Software (Life Technologies, Carlsbad, CA,
USA) and normalized levels of target genes (ratio of target gene Cq to the mean Cq of reference
genes) were used for further statistical analyses, using SPSS v16.0 Software (SPSS Inc., Chicago,
IL, USA). Differences in transcript levels between tumor and control tissues were assessed by
nonparametric Mann-Whitney U-test. Nonparametric tests (the Kruskal-Wallis, the Mann-Whitney,
and the Spearman’s test) were also used for evaluation of associations of transcript levels with clinical
data and other variables (Table 1). Kaplan-Meier Log Rank test and multivariate Cox regression
analyses, adjusted to stage, surgical radicality, and chemotherapy, were used to assess the gene
transcript levels, with subject disease-free survival (DFS) and overall survival (OS), in the Czech CRC
cohort. Cox regression was used to determine the hazard ratio (HR) and the 95% confidence intervals
(95% CI) of the transcript levels, were divided according to the median, with these survival outcomes.

Analyses were conducted using SPSS v16.0 Software (SPSS Inc., Chicago, IL, USA). All p-values
were obtained from two-sided tests; p-values lower than 0.05 were considered statistically significant.
Multiple testing adjustment (PADJ) was performed by the Benjamini-Hochberg correction (BH).

3. Results

3.1. Selenoprotein Gene Transcript Levels in the Colorectal Adenomas

In the Irish cohort, CRA patients showed a strongly significant lower expression of SELENOP,
SELENOS, GPX3, and SEPHS2 and higher expression levels of GPX2, SELENOH, and TXNRD3
(p < 0.001 for all genes), in the disease tissue compared to the non-neoplastic control tissues. We tested
the trend for expression with adenoma progression, compared to the normal tissues, by splitting the
CRAs into two groups of twenty-six tubular and/or villous adenomas and another of fourteen HGDs.
This suggested a declining expression of SELENOP, SELENOS, GPX3, and SEPHS2 (respective p-values
for trend at least 5.1 × 10−5) and increasing expression of GPX2, SELENOH, and TXNRD3 (respective
p-values at least 7 × 10−5), from the control to the increasingly dysplastic tissues.
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3.2. Selenoprotein Gene Transcript Levels in Colorectal Cancers

In the tumor tissues of the CRC patients from Ireland, compared to the matched controls, GPX2,
GPX4, TXNRD3, and SOD2 were up-regulated (p = 0.023, 0.039, 0.003, and 0.036, respectively), while
SELENOP, SELENOS, GPX3, SEPHS2, SELENBP1, and SELENOK were considerably down-regulated
(p = 0.001, <0.001, <0.001, 0.002, <0.001, and 0.015, respectively).

In the validation study (Czech cohort), while many of the above observations were replicated,
several disparities were observed. The Irish patients showed overexpressed levels of GPX4 in tumors,
compared to the control tissues, while the Czech subjects had no difference. Up-regulation of GPX1 and
SELENOH (p = 0.001 for both genes), and down-regulation of SELENON (p = 0.001) were demonstrated
in the Czech patients, but no significant changes in the expression levels of these genes were found in
the Irish cohort (although SELENOH was significantly more highly expressed in the adenoma tissue
from the Irish CRA patients, p < 0.001).

All statistically significant correlations from the three groups of patients are summarized in
Table 2. Directions of expression (higher or lower) were fully consistent for significant changes in the
same gene across the different patient groups from Ireland and the Czech Republic. Gene expression
levels did not correlate with the RNA integrity number (RIN), suggesting that RNA quality did not
significantly influence the results.

Table 2. Differences in the transcript levels of the examined genes between the colorectal
adenoma/carcinoma and the non-neoplastic tissue in the Irish and the Czech CRA/CRC patients (this
study), and comparison with data from the TCGA patient cohorts.

Gene Name

Discovery
(Irish Cohort, n = 62; 40 CRA and 22 CRC)

Validation
(Czech Cohort, N = 105 CRC)

Carcinoma Expression
(p-Value)

TCGA
(COAD/READ)

Carcinoma ExpressionAdenoma Expression
(p-Value)

Carcinoma Expression
(p-Value)

GPX1 NS NS ↑ (<0.001) NS/NS
GPX2 ↑ (<0.001) ↑ (0.023) ↑ (<0.001) ↑/↑
GPX3 ↓ (<0.001) ↓ (<0.001) ↓ (<0.001) ↓/↓
GPX4 NS ↑ (0.039) NS NS/NS

SELENOF NS NS NS NS/NS
SELENOH ↑ (<0.001) NS ↑ (<0.001) NS/NS
SELENOK NS ↓ (0.015) ↓ (<0.001) NS/NS
SELENON NS NS ↓ (<0.001) NS/NS
SELENOP ↓ (<0.001) ↓ (0.001) ↓ (<0.001) ↓/↓
SELENOS ↓ (<0.001) ↓ (<0.001) ↓ (<0.001) NS/NS
SELENOW NS NS NS NS/NS

SEPHS2 ↓ (<0.001) ↓ (0.002) ↓ (<0.001) NS/NS
TXNRD1 NS NS NS NS/NS
TXNRD2 NS NS NS NS/NS
TXNRD3 ↑ (<0.001) ↑ (0.003) ↑ (<0.001) ↑/↑

SELENBP1 NS ↓ (<0.001) ↓ (<0.001) ↑/↑
SOD2 NS ↑ (0.036) ↑ (<0.001) NS/NS

Abbreviations: ↑ = higher expression in the neoplastic compared to the normal tissue, ↓ = lower expression in
the neoplastic compared to the normal tissue, NS = not significant, TCGA = The Cancer Genome Atlas (https:
//cancergenome.nih.gov/), COAD = colon adenocarcinoma, and READ = rectum adenocarcinoma. For the
seventeen genes tested in the Irish and the Czech studies, only SELENOF, SELENOW, TXNRD1, and TXNRD2
were not significantly different in at least in one of the neoplasm groups. Genes significant in all three Irish and
Czech sample sets (GPX2, GPX3, SELENOP, SELENOS, SEPHS2, and TXNRD3) are marked by a dark background.
p-values are in brackets. TCGA data: Analysis done on the TCGA tumor-normal data, using the GEPIA (Gene
Expression Profiling Interactive Analysis) tool (http://gepia.cancer-pku.cn/about.html; Tang et al. Nucleic Acids
Res. 2017; 45(W1): W98–W102).

There were no major consistent differences in the expression patterns by age, sex, or tumor
sub-site (colon/rectum) across the Irish and the Czech CRC samples. Stratified analyses—in the larger
Czech CRC group—of expression by tumor stage, grade, and TNM status, showed no significant
differences after the BH correction, except for an association of a higher cancer stage and presence of
lymph node metastasis with decreased SOD2 expression (PADJ = 0.004 and PADJ = 0.048, respectively).
The presence of lymph node metastasis also significantly associated with decreased GPX1 expression
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(PADJ = 0.048). As our data indicated that increasing numbers of selenoprotein genes were dysregulated
from the adenoma to tumor tissue and, thus, possibly to be involved in disease progression, we
examined gene expression with cancer patient outcome. We performed analyses of tumor selenoprotein
transcript levels, divided by the median, with the DFS and the OS, using 8–76 months patient follow-up
data that were available for ninety-eight of the Czech CRCs (mean values of 58 and 68 months,
respectively). Only a higher SELENOF expression was associated with both a poorer DFS and OS, in
a Kaplan-Meier (see Figure 1) and multivariate-adjusted Cox regression analysis (HR: 2.41; 95% CI:
1.08, 5.41; p = 0.032 for DFS, and HR: 4.13; 95% CI: 1.10, 15.39; p = 0.035 for OS). However, this result,
although biologically-plausible based on previous data of the oncogenic potential of SELENOF [3],
should be cautiously considered, as the CIs were wide and the point estimates lost significance after
multiple testing correction. Additionally, SELENOF did not show significant differences in overall
expression levels between the neoplastic and the matched mucosal tissues.

  
DFS OS 

Figure 1. Association of the Selenoprotein F (SELENOF) gene expression with disease-free survival
and overall survival, in colorectal cancer patients. Kaplan-Meier curves showing disease free survival
(DFS) overall survival (OS) of 98 colorectal cancer (CRC) patients from the Czech Republic with higher
SELENOF gene expression compared to low expression in tumor tissue. Subjects with higher SELENOF
expression than median show poorer prognosis with shorter DFS and OS compared to subjects with
lower SELENOF expression (50.9 vs. 65.2 months and 62.9 vs. 72.9 months, respectively; PDFS = 0.01
and POS = 0.021). In multivariable Cox regression analyses adjusted by tumor stage, surgical radicality,
and chemotherapy this was associated with a Hazards ratio (HR) point estimate of 2.41 for DFS (95%
CI: 1.08, 5.41; P = 0.032) and 4.13 (95% CI: 1.10, 15.39; P = 0.035) for OS.

Most of the studied genes (12 of the 17) showed non-significant expression changes in The Cancer
Genome Atlas (TCGA) dataset (https://cancergenome.nih.gov/) (see Supplementary Figure S1). The
other five genes showed concordant significant expression changes across the Irish, Czech, and the
TCGA datasets, including the main Se transport protein-coding gene SELENOP, GPX2, GPX3 (the
second major Se transport gene), TNRDX3, and SELENBP1 (see last column in Table 2). As presently
we only had tissue RNA available for analysis, we were not able to analyze the protein expression in
our samples. However, Supplementary Table S2 presents a summary of the immunohistochemistry
protein expression data from the Human Protein Atlas (HPA) dataset (https://www.proteinatlas.org/),
for the corresponding seventeen genes examined in this study. Although the numbers of the tumor
samples with the available data are too small (n = 9–12 for each selenoprotein) to make meaningful
inferences, several proteins (GPX2, GPX3, TXNRD3) had expression changes in most samples that
matched the direction of gene expression variance observed in both the Irish and the Czech CRC
samples. SELENOP, SELENBP1, and SOD2 had medium protein expression levels, in both the normal
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and the tumor cells. Contrary results were given only by SELENOS and SEPHS2, which appeared to
have relatively higher protein expression levels in the tumor cells (although SEPHS2 was not detected
in the normal cells).

3.3. Correlation of the Selenoprotein Transcript Levels with Se Status

Spearman correlation coefficients were calculated to ascertain the correlation of the selenoprotein
gene expression in the Irish cohort with two measures of serum Se status (Se and SELENOP); available
for thirteen CRA and seventeen CRC (Se) and thirty-eight CRA and eighteen CRC (SELENOP) patients,
respectively. Only positive correlations of gene expression with the Se level were observed for
the SELENOF, SELENOK, and TXNRD1 genes, all in the tumor tissue (p = 0.001, 0.004, and 0.04,
respectively), except for the normal tissue expression of SELENOK as well (p = 0.03). Regarding the
SELENOP level, TXNRD2 and TXNRD3 tumor tissue expression was negatively correlated (p = 0.037
and 0.045), while GPX1 had a higher expression in the normal tissue, p = 0.034. The only significant
findings for adenomas were negative correlations for the SELENOP levels with TXNRD1 disease
(p = 0.006) and SELENOW normal (p = 0.042) tissue expressions. All correlation values are available in
Supplementary Table S3.

4. Discussion

Expression profiles of seventeen Se pathway genes (including fifteen selenoproteins) were assessed
in adenoma and cancer tissues, with their respective matched normal tissues, for forty CRA and a
hundred and twenty-seven CRC patients. In comparisons between the neoplastic and normal tissue
pairs, we observed seven differentially expressed genes in the CRA patients from Ireland and twelve
dysregulated Se pathway genes for the CRC patients from the Czech Republic. Genes up-regulated in
the tumor tissues were GPX1, GPX2, SELENOH, TXNRD3, and SOD2, while those down-regulated
included GPX3, SELENOP, SELENOS, SEPHS2, SELENBP1, SELENON, and SELENOK. In adenomas
GPX2, SELENOH, and TXNRD3 also exhibited a higher expression in the disease tissue, while GPX3,
SELENOP, SELENOS, and SEPHS2 showed a lower expression for the Czech cancers. Thus, GPX1,
SELENBP1, SELENON, SELENOK, and SOD2 were differently expressed only in the cancer tissues.

Broadly similar expression patterns were observed for several selenoprotein genes (e.g., GPX2,
GPX3, SELENOP, SELENBP1, and TNRDX3) across our Irish and Czech study groups, as compared
with the gene and protein data for the TCGA and HPA, respectively. There were non-significant
expression changes in the other selenoprotein genes in the TCGA, compared to significant findings in
all our sample sets (SEPHS2, SELENOS), although the trend for a lower expression in tumor tissue for
these genes was also seen in the TCGA. However, this is discordant with the corresponding SEPHS2
and SELENOS protein data in the HPA. These findings are probably largely explained by differences
in the baseline Se status of the heterogenous populations in the TCGA and HPA data, resulting in
differential regulation within the Se hierarchy [8], the method used for gene expression analysis (the
more insensitive RefSeq, compared to the qPCR, for subtle changes), and variances in expression
regulation at the gene or protein level.

Selenoproteins have several well-demonstrated or suggested cell protection roles in pathways
implicated in colorectal carcinogenesis, such as the antioxidant response, immune, and inflammatory
pathways [25–27], while downstream-targeted metabolic pathways are also affected by Se status, as
demonstrated in human rectal biopsies [9]. Thus, altered selenoprotein expression in the colorectal
tract may also be affected by Se status could increase cancer development risk by weakening the
gut epithelial cell response to harmful oxidative and inflammatory challenges [8]. Transcriptomics
animal studies highlight Gpx1, Selenof, Selenoh, and Selenow as being sensitive to Se supply and human
Single Nucleotide Polymorphism (SNP) studies suggest SELENOP, SELENOS, GPX4, SELENOF,
SELENON, SELENOH, and TXNRD1-3 are key selenoproteins for colonic function and colorectal
carcinogenesis [8,16,27,28]. However, prior to our investigation, data were lacking on the expression
of all these selenoproteins in CRA and CRC. In this study, changes in gene expression were observed
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for SELENOP, SELENOS, and TXNRD3 for all sample groups, while GPX4 was significant in the Irish
cancers only and GPX1, SELENOH, and SELENON were differently regulated in the Czech CRCs.
Additional genes in this study, showing changes in gene expression for both the Irish and the Czech
cancers were GPX2, GPX3, SELENOK, SEPHS2, SELENBP1, and SOD2.

Only a higher expression of the SELENOF gene was associated with patient outcomes from
cancer (lower DFS and OS), although this was non-significant after multiple testing adjustment.
However, several other lines of evidence suggest that SELENOF may act as an Se-dependent oncogenic
protein. SELENOF can be regulated by both Se status (as indicated also in our study) and endoplasmic
reticulum (ER) stress, and several SELENOF genetic variants have been associated with an altered
risk at the different cancer sites, including CRC [8,29]. Notably, previous cell and mouse-model
studies suggest that higher levels of SELENOF may potentially contribute to favorable growth
conditions for the cancerous cells in the colorectum, by reducing cellular ER stress and nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) activation [29–31].

Normally, selenoprotein expression is sensitive to limited Se supply in a tissue-dependent
manner [11]. As expected in conditions of redox stress, a lowered SELENOP expression was reported
in studies of a small number of German CRA and CRC subjects, while heterogenous GPX2 mRNA
and protein expression was observed between the tumor samples [13,32]. In German patients, GPX1,
GPX4, and TXNRD1 were also found to be up-regulated in cancer, compared to the matched tissues
for mRNA and/or their corresponding protein levels [14]. However, while GPX1 and GPX4 were
more highly expressed in tumor tissue from the Czech and Irish cancer groups, respectively, TXNRD1
was not significantly different in any of our tested cohorts. In other settings of generally higher Se
availability, such as in Japan, the protein expression of GPX1, GPX3, and SELENOP was reported to be
lower in the CRC tumors, whereas the less Se-sensitive GPX2 was increased [15]. We observed similar
results for our mRNA assays for GPX2, GPX3, and SELENOP for all CRA and CRC groups.

Hypoxic and oxidative stresses in proliferating tumors may also decouple the normal hierarchy of
selenoprotein expression [12]. SELENOH is a putative redox regulating DNA-binding protein, whose
cellular expression is sensitive to Se supply [26,33]. In contrast, protein expression of SELENOH has
recently been shown to be higher in CRC human tumors (and to control cell-cycle progression and
tumor proliferation in mouse and human CRC cell-line models) [12], aligning with the upregulation
of SELENOH in the CRAs and the Czech CRCs observed in this study. The Se binding protein 1
(SELENBP1) gene and corresponding protein expression was found to be downregulated in Chinese
CRC samples, as observed for the SELENBP1 mRNA levels in the cancer cohorts in this study [34].

Overall, the apparent expression pattern we assessed in the colorectal tumor tissue is that the
genes related to Se homeostasis (SELENOP, SEPHS2, SELENBP1) and ER stress (SELENOK, SELENOS)
are down-regulated, while the antioxidant enzymes might exhibit a higher (GPX1, GPX2, SELENOH,
TXNRD3, SOD2) or lower (GPX3, SELENON) expression [3,6,8]. In a previous examination of the
common genetic variation in selenoproteins and Se-pathway genes, we observed that several SNPs in
many of these genes were associated with CRC risk [35]. These data all support a role of selenoprotein
metabolism and endoplasmic and oxidative stress in CRC development. Differences and overlaps
between studies likely reflect design issues of sample size and tissue stage and site sampled, or
underlying biological differences in the Se metabolism. This could be due to population specific
differential regulation within the Se hierarchy, depending on the Se availability and selenoprotein
genetic variation [8].

Several selenoprotein genes showed sequential expression differences through the major stages of
dysplastic adenoma progression observed in different individuals in the Irish study. These included
increasing down-regulation of GPX3, SELENOP, SELENOS, and SEPHS2 and up-regulation of GPX2,
SELENOH, and TXNRD3, in groups of normal-matched tissues, adenomas, and adenomas with HGD.
Additional and larger studies will help clarify the pattern of selenoprotein expression in the adenoma
progression. Possibly, selenoprotein expression may have uses as markers of advanced adenoma
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stages, relevant for CRC screening, especially as only advanced adenomas appear to be associated
with an increased risk for subsequent CRC development [36].

Suboptimal Se status levels are found in many parts of Europe [37,38]. Our measures of Se status
were only possible for available matching serum samples for the Irish CRA and CRC patients. Here,
the mean levels of Se and SELENOP (86.1 μg/L in 30 sera and 5.1 mg/L in 56 sera, respectively) were
slightly higher, as compared to eight other Western European countries in a prospective study, showing
an association of higher levels with a decreased CRC risk (85.6 μg/L and 4.4 mg/L, respectively for the
controls [7]). Although, there were no marked correlation patterns between either of these serum Se
status levels and the selenoprotein gene expression, they did indicate the potential importance of the
Se supply for expression of GPX1, SELENOF, SELENOK, and TXNRD1-3. Most of the few significant
correlations were observed for the tumor tissue gene expression, rather than adenoma tissue or the
matched normal tissues for these pathologies, suggesting that Se status is a factor for the differential
expression we observed for SELENOK and TXNRD3 in the Irish CRC group. Although we did not
observe significant correlations of their expression with the Se status, other selenoprotein genes whose
activities are thought to be sensitive to lower Se status in the gastrointestinal tract, such as SELENOP
and SELENOH [8,12], were also observed to be differentially regulated in the adenomas and/or cancers
groups from Ireland. However, the total numbers available for these analyses were small and confined
to the Irish samples. Therefore, this should be considered as an exploratory analysis requiring further
investigation to more fully ascertain the degree to which any involvement of selenoprotein expression
in affecting CRA to CRC development may depend on the Se status of the studied population.

In summary, several selenoprotein genes were differentially expressed in both the CRA and
CRC disease-normal tissue pairs. These include key biological stress response genes like GPXs,
TXNRD3, SELENOS, SELENOH, and the related SOD2 gene implicated in cancer cell survival, and
genes such as SELENOP and SEPHS2 involved in Se biosynthesis. However, as only some of these
expression changes were correlated with the Se status levels, selenoprotein expression may affect
CRA to CRC development independent of the Se status. Functional studies will be required to
further investigate any role of the identified differentially-expressed selenoproteins in colorectal
carcinogenesis. Potentially, selenoprotein mRNA expression may have uses as biomarkers of colorectal
function, colorectal neoplasia progression, and improved assessment of physiological Se status, with
implications for the modulation of Se intake.
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boxes) and mucosa (grey boxes) tissues from the TCGA database, Table S1: List of TaqMan selenoprotein and
selenium-related gene expression assays used for this study, Table S2: Protein levels of selenoproteins in normal
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selenoprotein gene expression and serum selenium status in cancer and adenoma patients from Ireland.
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Abstract: Selenium is an essential trace element which is incorporated in the form of a rare amino acid,
the selenocysteine, into an important group of proteins, the selenoproteins. Among the twenty-five
selenoprotein genes identified to date, several have important cellular functions in antioxidant defense,
cell signaling and redox homeostasis. Many selenoproteins are regulated by the availability of selenium
which mostly occurs in the form of water-soluble molecules, either organic (selenomethionine,
selenocysteine, and selenoproteins) or inorganic (selenate or selenite). Recently, a mixture of
selenitriglycerides, obtained by the reaction of selenite with sunflower oil at high temperature,
referred to as Selol, was proposed as a novel non-toxic, highly bioavailable and active antioxidant and
antineoplastic agent. Free selenite is not present in the final product since the two phases (water soluble
and oil) are separated and the residual water-soluble selenite discarded. Here we compare the
assimilation of selenium as Selol, selenite and selenate by various cancerous (LNCaP) or immortalized
(HEK293 and PNT1A) cell lines. An approach combining analytical chemistry, molecular biology and
biochemistry demonstrated that selenium from Selol was efficiently incorporated in selenoproteins in
human cell lines, and thus produced the first ever evidence of the bioavailability of selenium from
selenized lipids.

Keywords: selenium; selenoprotein; selenized lipids; Selol; Gpx1; Gpx4; Txnrd1; Txnrd2; ICP-MS

1. Introduction

Selenocysteine is a rare amino acid which is vital for the function of selenoproteins, a unique
group of genetically encoded proteins in redox reactions. Twenty-five selenoprotein genes have been
identified in the human genome [1]. Selenoprotein synthesis depends upon Se intake, Se transport
and Se conversion to selenocysteine (Sec) and its co-translational insertion into selenoproteins [2,3].
Several chemical forms, including selenomethionine, selenocysteine, selenite, and selenate, account for
almost all the selenium in diets. All these forms are absorbed without regulation, and all have
high bioavailability [4,5]. Among them, selenomethionine accounts for 90% of the total selenium in
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plants and is randomly incorporated into proteins at methionine positions. Free selenomethionine
is easily available through the digestion of dietary proteins. Selenocysteine can also be a selenium
source from animal proteins. However, the highly reactive free selenocysteine is maintained at very
low concentrations in tissues. Although inorganic selenium compounds (selenite, and selenate)
are less abundant than selenomethionine, they are an efficient source of selenium for selenoprotein
biosynthesis. Selenate is reduced to selenite prior to its utilization as a selenium source. Then, selenite is
reduced to selenide (HSe-), which is the central precursor for selenoprotein biosynthesis (see Figure 1).
All selenocompounds need to be metabolized in selenide in order to be incorporated in genetically
encoded selenoproteins. Additionally, among the selenometabolites, which are mostly excreted in urine,
only a selenosugar (1β-methylseleno-N-acetyl-D-galactosamine) is, to a certain extent, bioavailable for
selenoprotein biosynthesis when injected intravenously in animals [6].

Figure 1. Representation of the various selenium metabolic pathways leading to selenoprotein synthesis.
So far, every metabolic pathway towards selenoproteins converges to selenide. The dashed line suggest
a putative metabolic pathway for selenium assimilation from selenized lipids.

Like for other essential trace elements, the selenium beneficial effect in cells follows a bell-shaped
curve, a deficiency or an excess leading to toxicity and eventually lethality [7]. In cell lines, the window
of benefit varies widely from one form of selenium to another and from one cell to another [5,8,9].

90



Nutrients 2019, 11, 1524

For example, in prostate cells exposed to selenite, the stimulation of selenoprotein expression is
observed in the nanomolar range and toxicity starts at micromolar concentrations [10]. In contrast to
that, selenate and selenomethionine are less toxic than selenite and the bell-shaped curve is shifted to
higher concentrations. In liver cell lines, a comparative study with seven selenocompounds focusing
on relative bioactivity and toxicity revealed highly variable behavior with regards to the chemical
selenium form added to the culture media [4]. Again, at low doses, selenite showed a higher potential
to activate selenoprotein synthesis than selenate; a similar shift in toxicity concentration was observed.

In genetically encoded selenoproteins, selenocysteine insertion occurs at UGA codons, which are
normally used as a termination signal, and therefore follows a non-conventional mechanism [2,3,11–14].
To circumvent the reading of UGA as a stop signal, selenoprotein mRNAs have a Sec insertion
sequence (SECIS) located in the 3’ untranslated region (UTR). This SECIS serves as a platform to
recruit the recoding factors for selenocysteine insertion, to deliver the Sec-tRNA[Ser]Sec to the ribosomal
A site. Interestingly, the SECIS element is necessary and sufficient to recode every in-frame UGA
in a heterologous system. This feature has been particularly useful to characterize the functional
determinants of the SECIS element in reporter constructs. Indeed a luciferase-based reporter construct
that is stably expressed in HEK293 cells, in which the SECIS element of glutathione peroxidase-4
(Gpx4) is cloned downstream of the firefly luciferase containing an in frame UGA, was developed.
When the UGA is read as a stop codon, the truncated luciferase is inactive, but when the UGA is read
as a selenocysteine, the luciferase is fully active. The recoding efficiency is directly correlated to the
luciferase activity measured in cellular extracts [15,16]. This reporter construct has been powerful
to evaluate the variation of selenocysteine insertion efficiency in response to various stimuli which
include selenium level variation, oxidative stress, and replicative senescence.

The search for bioavailable selenocompounds with lower toxicity than selenite drove research
to design a selenized triglyceride, which is produced by the reaction of selenite with sunflower oil.
This compound referred to as Selol is currently investigated for its potential anticancer properties
and antineoplastic effects [17–21]. The reaction of sunflower oil with selenite generates a complex
mixture of selenitriglycerides, which has been characterized recently by high performance liquid
chromatography-inductively coupled plasma mass spectrometry (HPLC-ICP MS) and high performance
liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC ESI MS/MS). A total
of 11 selenium-containing triglycerol derivatives have been identified where selenium is in the [Se(IV)]
oxidation state [19], see Figure 2.
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Figure 2. Chemical structures of selenite, selenate and Selol. In Selol, a complex mixture of
at least 11 selenitriglyceride compounds have been characterized by high performance liquid
chromatography-electrospray ionization tandem mass spectrometry (HLPC-ESI MSn) [19].

However, the bioavailability of Selol for selenoprotein biosynthesis has not been investigated
yet. The goal of this work was to investigate the assimilation of selenium from Selol and to compare
it with that of inorganic species (selenite and selenate) in various cell lines, which are relevant for
selenium physiological function. We are reporting here for the first time that a selenized lipid could
be an efficient source of selenium for selenoprotein biosynthesis in HEK293 and LNCaP cell lines,
which originate from embryonic kidney tissue and prostate adenocarcinoma, respectively.

2. Materials and Methods

2.1. Materials

The HEK293, LNCaP and PNT1A cells line used in this study were purchased from Life
Technologies (Carlsbad, CA, USA, Cat.# R75007 and R71407), ATCC (Manassas, VA, USA, Cat.#
CRL-1740) and SIGMA (Saint-Louis, MO, USA, Cat.# 95012614), respectively. The HEK293 cell line
expressing Luc UGA/Gpx4 in a stable way was generated and validated in References [15,16,22].
Fetal calf serum (FCS), cell culture media and supplements were purchased from Life Technologies.
Transferrin, insulin, 3,5,3′-triiodothyronine, hydrocortisone, sodium selenite and sodium selenate
were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). Antibodies were purchased from
Abcam (Cambridge, UK) (glutathione peroxidase-1 (Gpx1), #ab108429; glutathione peroxidase-4 Gpx4,
#ab125066; thioredoxin reductase-1 (TxnRD1), #ab124954) and Sigma-Aldrich (thioredoxin reductase-2
(Txnrd2), #HPA003323; Actin, #A1978). NuPAGE 4-12% bis–Tris polyacrylamide gels and MOPS SDS
running buffer were purchased from Life Technologies. Antiprotease inhibitor cocktail was purchased
from Thermo Fisher. Selol was synthesized at the Department of Bioanalysis and Drug Analysis at the
Medical University of Warsaw, as described in Reference [23]. A micellar solution of Selol was used
(based on lecithin, water and Selol) with a declared selenium concentration of 5% (w/v).

2.2. Cell Culture and Incubation with Different Forms of Selenium

HEK293 and LNCaP were grown and maintained in D-MEM, while RPMI medium was used for
PNT1A. Media were supplemented with 10% FCS. Cells were cultivated at 37 ◦C and in a humidified
atmosphere containing 5% CO2. Since the selenium is endogenously provided by the FCS, the same
lot number was kept throughout the experiments. Selenium concentration (194 nM) was determined
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by ICP MS in an FCS lot number (41G7530K) as reported in Reference [24]. Two different culture
media, referred to as control (Ctrl) and depleted (Dpl) were used according to Reference [16].
Selenium concentration in the Ctrl medium was 19.4 nM. In the Dpl medium, we expected 3.9 nM
selenium because 2% FCS was used instead of 10%. To cope with the decrease of growth factors in Dpl
medium, 5 mg/L transferrin, 10 mg/L insulin, 100 pM 3,5,3’-triiodothyronine, and 50 nM hydrocortisone
were added, as described and validated previously for selenoprotein expression studies.

The dose–response experiment with selenite, selenate and SELOL was performed with HEK293
cells stably expressing the Luc UGA/Gpx4 construct. Different media containing the respective
concentrations of selenocompounds were prepared in Dpl media and used to cultivate the HEK293 cells
for three days in a 10 cm (diameter) culture dish. After the treatment, cellular extracts were harvested
with a volume of 300 μL of passive lysis buffer containing 25 mM Tris phosphate pH 7.8, 2 mM DTT,
2 mM EDTA, 1% Triton X100 and 10% glycerol. Then, protein concentrations were measured using the
DC kit protein assay kit (Biorad, Hercules, CA, USA) in microplate assays using the microplate reader
FLUOstar OPTIMA (BMG Labtech, Champigny-sur-Marne, France). Morphological evaluation was
performed by phase-contrast microscopy using an Evos microscope (Ozyme, Saint-Cyr-l’École, France)
with a 10X objective.

The comparative treatment of HEK293, LNCaP and PNT1A was performed in Ctrl medium
supplemented or not with 100 nM or 100μM of selenocompounds (selenite, selenate or Selol). Cells were
grown for three days in 10 cm diameter culture dish.

2.3. Measure of Se Levels by ICP-MS

Flow injection–inductively coupled plasma mass spectrometry (FI-ICP-MS) methodology was
used to measure total levels of selenium as reported in Reference [24]. Cellular extracts (200 μL) were
mixed with 3 μL of nitric acid (70%) and left at room temperature overnight. Plasma conditions and
detection parameters were optimized with 1 ppb Y, Li, Tl, and Ce in 2% of nitric acid. Signals of 77Se,
78Se, and 80Se were acquired. A calibration curve was prepared from 5 ppm Se solution (calibration
points: 1, 2.5, 5, 10, 25, 50, 100 ppb Se in 1 mL HNO3, 1%). An Agilent (Santa Clara, CA, USA) 7500 ICP
MS instrument fitted with a reaction/collision cell (H2) was used. Every sample was analyzed by three
consecutive injections of 50 μL.

2.4. Evaluation of Selenocysteine Insertion Efficiency

To analyze Sec insertion efficiency in HEK293, we used luciferase-based reporter constructs which
were validated for UGA/Sec recoding in transfected cells [22,25]. Briefly, the minimal SECIS element
from Gpx4 was cloned downstream of a luciferase coding sequence, which was modified to contain an
in frame UGA codon at position 258 (Luc UGA/SECIS), as shown in Figure 3. HEK293 cells stably
expressing Luc UGA/Gpx4 SECIS were previously generated and validated [15,16]. After growth in
the presence of various concentrations of sodium selenite, cells were harvested and the cellular extracts
were assayed for luciferase activity by chemiluminescence (luciferase assay systems, Promega, Madison,
WI, USA), in triplicate using a microplate reader FLUOstar OPTIMA (BMG Labtech). We expressed
the Sec insertion efficiency relative to the luciferase activity measured in Dpl conditions arbitrarily,
setting it at 1.
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Figure 3. HEK293 morphology in response to various concentrations of three selenocompounds,
namely selenite, selenate and Selol. Cells were grown for three days as described in materials and
methods. Toxic effect of selenium is visible by cell detachment from the culture dish.

2.5. Protein Gels and Western Immunoblotting

Equal protein amounts (20μg) were separated in Bis-Tris NuPAGE Novex Midi Gels and transferred
onto nitrocellulose membranes using iBlot®dry blotting system (Life Technologies). Membranes were
probed with primary antibodies (as indicated) and HRP-conjugated anti-rabbit or anti-mouse secondary
antibodies (Sigma, #A9044 and #A6154, respectively). The chemiluminescence signal was detected
using the ECL select Western blotting detection kit (GE Healthcare, Chicago, IL, USA) and the PXi 4
CCD camera (Ozyme). Image acquisition and data quantifications were performed with the Syngene
softwares, GeneSys and Genetools, respectively.

3. Results

3.1. Comparison of the Selenium Uptake by HEK293 from Selol, Selenite and Selenate

The chemical structures of selenite, selenate and Selol are represented in Figure 2. Selenite and
selenite differ in terms of their capacity to stimulate selenoprotein expression but also in terms of their
active and toxic concentration ranges. In Selol, selenium thought to be at the oxidation state IV as in
selenite, seems to be much less toxic than selenite in fibroblasts and prostate cells [23]. We investigated
first the potential of these three selenocompounds to be taken up by HEK293 cells in a wide range of
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concentrations, by measuring the total selenium by ICP-MS. Dpl culture media containing 15 different
concentrations of selenium (from 10 nM to 500 μM) in the form of selenite, selenate and Selol
were prepared and used to grow HEK293 for three days. First, HEK293 cells were observed with
a phase-contrast optical microscope and compared to the Dpl conditions without selenium (Figure 3).
The toxicity of selenium was easily noticed using a microscope at the morphological level by the loss
of cell attachment to the culture dish. As shown in Figure 3, this lack of attachment was observed at
30 μM and higher concentrations of selenite, but only at 300 μM and higher concentrations of selenate
in the culture media.

Then, the cells (adherent and detached) grown in various selenium conditions were harvested and
the cellular extracts were analyzed for the total selenium concentration by FI-ICP-MS. Selenium levels
were normalized for the protein concentration, and plotted as a function of the selenium concentration
in the culture medium, as illustrated in Figure 4. With the selenite concentrations in the culture medium
of 100 μM and higher, the protein recovery was too low to allow the precise selenium detection (asterisk
in Figure 4). Interestingly, we noticed that levels of selenium were increased at a maximum by three
orders of magnitude to reach approximately 1 μg Se per mg of proteins. However, this increase was
not a linear function of the selenium concentration in the growth medium. As shown in Figure 4,
with selenate, a similar trend was observed, although shifted to higher concentrations. The loss of cell
attachment started at a concentration of 300 μM in the culture media. Concerning Selol, a different
behavior was observed with a linear relationship (at a log scale) between the assimilated selenium
and the selenium added to the culture medium. With the maximal concentration of Selol tested here
(500 μM), no sign of cell detachment was observed (Figure 3) and the Se concentration reached 12 μg
per mg of proteins (Figure 4).

Figure 4. Measurement of selenium levels of HEK293 cells grown with increasing concentration of
selenite, selenate or Selol in the culture media (from 10 nM up to 500 μM). Selenium levels are expressed
relative to protein concentration. In several extracts, due to selenite toxicity, the protein recovery was
too low to allow precise selenium detection and normalization, as indicated by an asterisk.

3.2. Selol is Able to Stimulate UGA Recoding as Selenocysteine in HEK293 Cells

The HEK293 cell line used in this study was genetically modified by a stably
expressing luciferase-based reporter construct. The latter was validated previously to evaluate
selenoprotein expression by measuring the efficiency of UGA recoding as selenocysteine [15,25,26].
Briefly, the minimal SECIS elements from Gpx4 3’UTR was cloned downstream of a luciferase coding
sequence, which had been modified to contain an in frame UGA codon at position 258 (Luc UGA/SECIS),
as shown in Figure 5. The luciferase activity was particularly sensitive to the Se supplementation
of the culture, as shown previously with selenite [16]. The cellular extracts from cells grown in
various concentrations of selenite, selenate and Selol were also evaluated for their luciferase activities.
The enzymatic activities were normalized for the protein concentration and expressed relatively to the
Dpl conditions, set as 1. As it has been mentioned before, an important stimulation of selenocysteine
insertion was observed with low concentrations of selenite to reach a plateau at 100 nM up to 1 μM
(see Figure 4). With higher doses of selenite in the culture medium, a rapid decrease of UGA recoding
efficiency occurred to be almost undetectable at 10 μM. Interestingly, this decrease in selenocysteine
insertion between 1 and 10 μM of selenite correlated with the massive increase in selenium levels
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(cf. graphs left panels in Figures 4 and 5). These data suggest that the level of selenium is tightly linked
with the optimal selenocysteine insertion, and that overwhelming selenium levels seem to shut down
the selenoprotein expression at a high dose. Alternatively, when selenate was used to supplement cell
culture medium instead of selenite, a similar stimulation of UGA recoding efficiency was observed but
shifted to higher concentrations. The plateau was reached at 1 μM of selenate and started decreasing
at 100 μM. Again, when selenium levels and selenocysteine insertion efficiency were compared at high
selenate concentrations (cf. Figures 4 and 5), we observed a similar inverse correlation as with selenite.
These data confirm further that an excess of intracellular inorganic selenium could be detrimental
to the cell integrity. Then, we investigated whether Selol was able to modulate the selenocysteine
insertion efficiency. As shown in Figure 5, strong stimulation of UGA recoding activities occurred when
Selol was added to the culture medium even at the lowest concentration tested (10 nM). A plateau of
luciferase activity was reached at 100 nM and lasted up to 1 μM, similarly to selenite. Then, at higher
concentrations, the recoding efficiency decreased slowly to reach the initial activity. These results
demonstrate clearly for the first time the bioavailability of selenium bound to triglyceride for the
selenocysteine insertion into proteins.

Figure 5. Evaluation of selenocysteine insertion efficiency in response to selenium supplementation in
HEK293 cells. The luciferase activities from the stably expressing cell lines are measured from cells
grown in increasing concentration of selenite, selenate or Selol in the culture media (from 10 nM up to
500 μM). Luciferase activities are expressed relative to protein concentration (relative luciferase unit,
RLU). In several extracts, due to selenium toxicity, the protein recovery is too low to allow precise
selenium detection and normalization, as indicated by an asterisk. A schematic of the luciferase
construct is shown on top of histograms. AUG, start codon; UGA, selenocysteine codon; UAA,
stop codon; SECIS, selenocysteine insertion sequence.

3.3. Selol Upregulates Selenoprotein Expression Also in LNCaP but not in PNT1A

Then, we investigated whether Selol was able to stimulate selenoprotein expression in prostate cell
lines since this source of selenium was considered as a potential antineoplastic drug in prostate cancer.
Here, we used LNCaP and PNT1A prostate cell lines, which are cancerous or immortalized, respectively.
The LNCaP cells were previously found to be more sensitive than PNT1A to selenium-induced toxicity,
both with selenite and Selol [23]. Here, we worked at similar selenium concentrations (i.e., 100 nM and
100 μM) with these cell lines as with HEK293 cells. As illustrated in Figures 6 and 7, the response of
LNCaP to selenium supplementation was very similar to that of HEK293 cell lines; a strong stimulation
of Gpx1 and Gpx4 was observed with 100 nM of selenite, and with 100 μM of selenate or Selol. Our data
further support the bioavailability of Selol for selenoprotein biosynthesis. For the housekeeping
selenoproteins, Selol (used at 100 nM or 100 μM) was also able to upregulate significantly Txnrd1
and Txnrd2 in LNCaP, similarly to selenite and selenate. On the other hand, PNT1A appeared poorly
sensitive to selenium level variations. Interestingly, only the addition of 100 nM selenite to the culture
medium had a moderate effect on Gpx1 and Gpx4, selenate and Selol being ineffective.
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Figure 6. Analysis of selenoprotein regulation by selenite, selenate or Selol supplementation in different
cell lines. HEK293, LNCaP and PNT1A cells were grown with Ctrl medium supplemented with either
100 nM or 100 μM of different selenium sources. Cellular extracts were analyzed for selenoprotein
expression by western blots using specific antibodies. Protein levels were normalized over Actin levels
and expressed relative to the Ctrl condition (no added selenium), set as 1.
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Figure 7. Comparison of Selol activities in three different human cell lines. (A) Selenium content in
HEK293, LNCaP, PNT1A treated or not with 100μM Selol. (B) Quantification of selenoprotein expression
levels detected in Figure 6, normalized over the actin signal, in response to Selol supplementation.
The significantly different (student test, p < 0.01) variations are indicated with an asterisk above the
respective bars.

To confirm further that Selol has a cell line specific effect on selenoprotein expression, we verified
that the differences observed between these cell lines did not result from a difference in selenium intake.
For that, selenium levels were measured in the presence of 100 μM Selol (Figure 7, top histogram).
We found that the different cell lines tested in our study were equally competent to take up selenium
from Selol. In addition, our data suggest that the lack of selenoprotein upregulation by Selol in PNT1A
may result from a difference in the capacity to efficiently metabolize Selol in an active precursor of
Sec-tRNA[Ser]Sec, than in other cell lines such as HEK293 or LNCaP.

4. Discussion

In the environment, Se is present in many chemical forms and at variable concentrations.
As selenium shares many chemical properties with sulfur, virtually any sulfur-containing molecule
can have its analog with selenium instead [5,27]. This has been particularly observed in organisms
such as higher plants and yeast that do not require selenium but are grown in a selenium-rich
environment. The common strategy to detoxify this element is to incorporate selenium into
organic molecules. However, to our knowledge, no selenized-lipid molecule has been observed
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so far in the wide diversity of the natural organic selenium species [27]. Among the selenodrugs
that have been designed and synthesized, mostly for antioxidant and anticancer properties [28],
Selol is a mixture of selenized triglycerides obtained by the reaction of Se+IV with sunflower oil,
in which at least 11 different selenium-containing triglycerol derivatives were characterized by mass
spectrometry [19]. Here, we demonstrated that the selenium present in these compounds was efficiently
bioavailable for human cell lines. It is widely accepted that the genetically encoded selenoproteins
represent the biologically active form of selenium in mammalian cells. Among the twenty-five
selenoproteins, many are involved in antioxidant defense, redox homeostasis and redox signaling.
The selenoproteome is composed of five glutathione peroxidases (Gpx1-Gpx4, Gpx6), three thioredoxin
reductases (Txnrd1-Txnrd3), one methionine sulfoxide reductase (MsrB1) and seven selenoproteins
located in the endoplasmic reticulum (Dio2, SelenoF, SelenoK, SelenoM, SelenoN, SelenoS and
SelenoT). However, about half of the selenoproteome remains without a precise function [3]. In the
selenoproteome, Gpx1, Gpx4, Txnrd1 and Txnrd2 are ubiquitously expressed and react differently to
the variation of selenium level. That is why we compared the potential of Selol to stimulate these
selenoproteins with selenite and selenate, which are currently used for supplementation studies.
Our main finding was that human cells use selenium from a mixture of selenized lipids for the synthesis
of selenoproteins. One significant difference of Selol with other selenium compounds was the cell
line specific activities. Indeed, Selol appeared to indifferently enter the three cell lines studied here
but its use for selenoprotein synthesis was only efficient in HEK293 and LNCaP, but not in PNT1A
which are non-cancerous prostate cell lines. This selectivity can come from a difference in lipid
metabolism between the different cell lines studied in the present work. Indeed, as illustrated in
Figure 2 and discussed in detail in Reference [5], every chemical selenium species that enters the cell
has to be transformed into selenide to be further incorporated into selenoproteins. Three metabolic
routes have been identified so far to generate hydrogen selenide, namely from selenite, selenocysteine,
and methylselenol. How selenite is released from the lipids and whether all selenized triglycerides
are equally competent for this release awaits further investigation. One possibility is that selenium is
made bioavailable by lipolysis of the triglycerides followed by beta-oxidation of fatty acids.

Investigations about Selol mostly concern its anticancer activities [17–21,23,29], very little work
has been done on antioxidant activities and potential use for not cancerous cells. The present study
demonstrated the high level of selenium assimilation from this mixture of selenized-lipids and
confirmed the lower toxicity in comparison to other selenocompounds. The cellular selectivity for
insertion into selenoproteins has to be extended to other cellular models, either cancerous or not, to get
a better picture of whether this new compound can be used as a dietary supplement.

5. Conclusions

This study is, to our knowledge, the first report for assimilation of Se from lipids into selenoproteins.
Whether selenized lipids are present in the human food diet is an open issue due to the inherent
experimental detection and characterization difficulties. Clearly, for the cell lines tested so far, Selol is
much less toxic than selenite and selenate. Now being tested for antineoplastic activity, it may be
considered as a potential nutritional source of selenium for deficient populations. Similarly to selenite
and selenate, Selol is able to upregulate selenoprotein synthesis by following a precise prioritization of
selenium use, also referred to as selenoprotein hierarchy [2,3]. Selol has a cell line specific capacity
to upregulate selenocysteine insertion. This selectivity can be due to a cell line specific ability to
metabolize Selol to make selenium bioavailable, most probably by lipolysis and beta-oxidation of fatty
acid pathways. Despite similar uptake, the metabolism of Selol in selenide is different in PNT1A from
HEK293 or LNCaP cells.
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Abstract: Selenium (Se) is an important trace element that should be present in the diet of all age
groups to provide an adequate intake. Se is incorporated in 25 known selenoproteins, which mediate
the biological effects of Se including, immune response regulation, maintenance of thyroid function,
antioxidant defense, and anti-inflammatory actions. A balanced intake of Se is critical to achieve
health benefits because depending on its status, Se has been found to play physiological roles or
contribute to the pathophysiology of various diseases including, neurodegenerative diseases, diabetes,
cancer, and cardiovascular disorders. Se status and intake are very important to be known for a
specific population as the levels of Se are highly variable among different populations and regions.
In the Middle East and North African (MENA) region, very little is known about the status of Se.
Studies available show that Se status is widely variable with some countries being deficient, some over
sufficient, and some sufficient. This variability was apparent even within the same country between
regions. In this review, we summarized the key roles of Se in health and disease and discussed the
available data on Se status and intake among countries of the MENA region.

Keywords: selenium; chronic diseases; Middle East; North Africa

1. Introduction

Selenium (Se) is a semi-solid metal that was discovered in 1817 as a byproduct of sulphuric acid
synthesis. It belongs to group 6 of the periodic table with an atomic number of 34. It is a red colored
powder; however, in vitreous form it is observed as black, and in crystalline form it is observed as
metallic gray. Se exists in many different oxidation states including 2+, 4+, 6+, and 2- [1]. Se is present
in small amounts in food mostly in organic forms (selenomethionine and selenocysteine) and rarely in
inorganic forms (selenate and selenite) [2]. Selenomethionine is usually derived from animal sources
in addition to cereal products grown in areas where the soil is rich in Se whereas selenocysteine is only
obtained from animal sources [3]. Inorganic forms are the major sources of Se incorporated into dietary
supplements [2]. Se concentrations in the soil where plants are grown or where animals are raised
are important indicators of Se intake in a country leading to tremendous variations among different
countries in Se status [2,4]. The most common sources of Se are Brazil nuts, cereals, offal, fish, eggs,
poultry, and vegetables [3–5].

Se is a necessary trace element that should be present in the diet of all age groups.
The Recommended Dietary Allowance (RDA) of Se is generally based on the optimum amount
that can maximize the activity of selenoprotein glutathione peroxidase [2–4]. This value was estimated
to be 55 μg/day for both males and females [2–4,6]. The Estimated Average Requirement (EAR) was
found to be around 45 μg/day for 19–50-year-old men and women and the tolerable upper intake level
(UL) is around 400 μg/day [3,4]. However, the optimal amount required to achieve maximum health
benefits is unknown [3]. The World Health Organization (WHO) recommends that the optimum serum
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concentration of Se for healthy adults is 39.5–194.5 ng/ml and that the concentration that maximizes
glutathione peroxidase activity is between 70 and 90 ng/ml [7,8].

Very limited data exist on Se toxicity in humans; however, animal studies are available on chronic
Se poisoning [4]. It was reported that an intake of around 800 μg/day of Se would cause no observed
adverse effect level (NOAEL), 1,540 to 1,600 μg/day of Se would result in low observed adverse effect
level (LOAEL) and 5,000 μg/day of Se is the toxic level where selenosis is expected to happen [3].
LOAEL is associated with symptoms of hair and nail brittleness and loss, garlic like breath odor,
gastrointestinal disturbances, and fatigue [3,4]. Selenosis can be associated with serious respiratory,
renal, and cardiac complications [3].

Se status can be assessed through blood, urine, nails, and hair levels. Blood specimens can be
either whole blood, erythrocytes, serum, or plasma. Erythrocytes, hair, and nails reflect long-term
status opposing to plasma or serum which reflect short-term levels. It is challenging to compare Se
levels across different countries due to the wide variations in methodologies of Se detection among
different laboratories [9,10].

2. Selenium: A Focus on Biology

2.1. Selenoproteins as Mediators of Se Actions

Se is an essential nutrient to human biology. The beneficial roles of Se to human health and
its requirement for life have been known for several decades. Se exists in 25 known selenoproteins,
some of which have important known biological functions [11]. The critical role of Se in human
health is particularly underscored by being the sole trace element specified in the genetic code
as selenocysteine, today recognized as the 21st amino acid, which has its proper genetic code,
specific biosynthesis pathway, and insertion mechanism. This amino acid exists in the active site
of many selenium-dependent enzymes that are responsible for multiple essential functions in the
human body [1,12,13]. In this case, Se acts as a redox center. For example, thioredoxin reductase,
a selenoenzyme, participates in DNA synthesis by reducing nucleotides which then helps in controlling
the redox state intracellularly [3]. Another example is iodothyronine deiodinases which activates
thyroid hormone [1]. Other selenoproteins have different functions including anti-inflammatory and
antioxidant effects; however, some of those functions are yet to be identified. The biological effects of
Se also include its participation in immune responses and thyroid function whereas its serum level can
also be linked with risk of diabetes, cardiovascular disease (CVD), and cancer [5]. Table 1 summarizes
the main functions and significance of the different known selenoproteins.

Table 1. Functions and significance of selenoproteins

Selenoprotein Symbol Function and Significance

Glutathione peroxidase 1 GPX1 Reduces cellular H2O2. Overexpression of GPX1 increases
risk of diabetes.

Glutathione peroxidase 2 GPX2
Reduces peroxide in gut. GPX1/GPX2 double-knockout
mice develop intestinal cancer; one allele of GPX2 added
back confers protection.

Glutathione peroxidase 3 GPX3
Reduces peroxide in blood. Important for cardiovascular
protection, perhaps through modulation of nitric oxide
levels; antioxidant in thyroid gland.

Glutathione peroxidase 4 GPX4

Reduces phospholipid peroxide. Genetic deletion is
embryonic lethal; GPX4 acts as crucial antioxidant, and
sensor of oxidative stress and pro-apoptotic signals;
required for spermatozoa function.

Glutathione peroxidase 6 GPX6 Importance unknown.
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Table 1. Cont.

Selenoprotein Symbol Function and Significance

Iodothyronine deiodinase 1 DIO1 Important for systemic active thyroid hormone levels.
Iodothyronine deiodinase 2 DIO2 Important for local active thyroid hormone levels.
Iodothyronine deiodinase 3 DIO3 Inactivates thyroid hormone.

Thioredoxin reductase 1 TXNRD1 Reduction of cytosolic thioredoxin. Genetic deletion is
embryonic lethal.

Thioredoxin reductase 2 TXNRD2 Reduction of mitochondrial thioredoxin. Genetic deletion
is embryonic lethal.

Thioredoxin-glutathione reductase TXNRD3 Reduction of thioredoxin, testes-specific expression.

Selenoprotein H SELENOH Involved in transcription. Essential for cell survival and
antioxidant defense in Drosophila.

Selenoprotein I SELENOI Possibly involved in phospholipid biosynthesis.

Selenoprotein K SELENOK Involved in calcium flux in immune cells and endoplasmic
reticulum (ER)-associated degradation.

Selenoprotein M SELENOM Thiol-disulfide oxidoreductase localized in the ER.
Possibly involved in protein folding.

Selenoprotein F SELENOF Thiol-disulfide oxidoreductase localized in the ER.
Possibly involved in protein folding.

Selenoprotein N SELENON Potential role in early muscle development. Mutations
lead to multiminicore disease and other myopathies.

Selenoprotein O SELENOO Potential redox function, but importance
remains unknown.

Selenoprotein P SELENOP
Se transport to tissues particularly brain and testis. It also
functions as intracellular antioxidant in phagocytes.
Knockout leads to neurological problems and male sterility.

Methionine-R-sulfoxide reductase 1 MSRB1 Functions as a methionine sulfoxide reductase and MSRB1
knockouts show mild damage to oxidative insult.

Selenoprotein S SELENOS Transmembrane protein found in plasma membrane and
ER. Reduces ER stress.

Selenoprotein T SELENOT ER protein involved in calcium mobilization.

Selenoprotein V SELENOV Testes-specific expression, potential role in
male reproduction.

Selenoprotein W SELENOW Potential antioxidant role, perhaps important in
muscle growth.

Selenophosphate synthetase 2 SEPHS2 Involved in the synthesis of all selenoproteins.

2.2. Synthesis and Co-Translational Incorporation of Selenocysteine in Humans

The cycle of selenocysteine synthesis and incorporation in humans begins with the attachment
of L-serine to non-cognate tRNASec by seryl-tRNA synthetase, an error that is not edited. This seryl
group gets phosphorylated by O-phosphoseryl-tRNASec kinase (PSTK) resulting in phosphoseryl
(Sep)-tRNASec intermediate. Finally, this Sep-tRNASec is converted into selenocysteinyl (Sec)-tRNASec

through O-phosphoseryl-tRNASec:selenocysteinyl-tRNASec synthase (SepSecS) in the presence of
selenophosphate and pyridoxal phosphate. Selenophosphate is the main Se donor in humans
synthesized from adenosine triphosphate (ATP) and selenide, the products of selenocysteine
degradation, by selenophosphate synthetase (SPS2). A specialized elongation factor (EFsec) then
delivers Sec-tRNASec to the ribosome. SElenoCysteine Insertion Sequence (SECIS), located in the
3′-UTR, helps localize EFsec and Sec-tRNASec near the translation site and forms a stem loop structure
which is necessary for decoding of selenocysteine UGA codon and its insertion into the nascent
protein [14–17]. The cycle of selenocysteine synthesis and incorporation into selenoproteins in humans
is summarized in Figure 1.
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Figure 1. Synthesis and co-translational incorporation of selenocysteine into selenoproteins in humans.

3. Selenium in Health and Disease: The Importance of a Balanced Intake

Se depending on its status has been reported to play crucial roles in normal physiology or
contribute the pathophysiology of various diseases. Se has antioxidant and anti-inflammatory actions
and therefore various studies have assessed the impact of Se status on conditions characterized
by inflammation and oxidative stress including, neurodegenerative diseases, diabetes, cancer, and
cardiovascular disorders [18].

3.1. Pregnancy

During pregnancy, the demand for multiple nutrients increase owing to many physiological
changes, resulting in deficiencies of many vitamins and minerals [9,19]. Those deficiencies might
sometimes lead to complications to the fetus or to the mother. Se levels were found to be significantly
reduced during pregnancy [9,19]. During the first trimester, GPx activity was found to be reduced
significantly and this low level was maintained throughout the second and third trimesters with
a slight increase during delivery [20]. Subsequently, in the second and third trimesters, Se levels
were noted to be significantly reduced with further reduction during delivery [20]. Due to this
increased demand, the RDA for Se during pregnancy was increased from 55 μg/day to 60 μg/day [19,21].
Se deficiencies in pregnant women might have adverse effects on the developing fetus, particularly
the nervous system. A case-control study of pregnant women found a positive correlation between
low Se levels and the occurrence of neural tube defects [22]. However, it is important to note that
defects in the nervous system development are affected by multiple other factors and not solely by
Se deficiencies. Se deficiencies during pregnancy were also found to cause oxidative stress partly
resulting in miscarriages, pre-term deliveries, intrauterine growth retardations, preeclampsia, thyroid
dysfunctions, gestational diabetes, and cholestasis [9,23]. Therefore, it is important to maintain optimal
Se levels during pregnancy by increasing Se intake to meet the increased demand.

3.2. Diabetes Mellitus

The relationship between Se and diabetes was investigated in multiple studies with contradicting
results [18]. Those studies were conducted initially following the assumption that Se is likely to exert
protective effects against diabetes due to its antioxidant actions. In support of this assumption, Se was
found to delay the onset and progression of diabetes. Se was also found to act as an insulin mimetic
when in the form of selenite. Moreover, several in vitro and in vivo studies have suggested that Se
plays an important role in the regulation of glucose homeostasis [18,24]. Human studies have also
investigated the impact of Se on diabetes yet with conflicting conclusions. Both low and high levels
of Se have been shown to be associated with a risk of diabetes [2]. The role of Se in diabetes was
assessed in few randomized control trials (RCT). The first large RCT was the Nutritional Prevention
of Cancer (NPC) trial which aimed at assessing the effect of 200 μg of daily Se supplementation on
reducing the risk of skin cancer compared to placebo [25]. A secondary analysis of the data after a
follow-up of 7 years suggested a statistically significant increase in the incidence of type 2 diabetes
among those who received Se supplementation compared to placebo [26]. In contrast, the Se and
Vitamin E Cancer Prevention Trial (SELECT) found no statistically significant increase in the incidence
of type 2 diabetes after Se supplementation [27]. The third trial is the Se and Celecoxib (Sel/Cel) Trial.
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The intervention was a randomized, placebo controlled trial of Se (200 μg/day) and cyclooxygenase 2
selective inhibitor, celecoxib (400 mg, once per day), alone or in combination, for the prevention of
colorectal adenoma in men and women. After exclusion of participants who had type 2 diabetes prior
to the trial, 1640 participants were assessed for the presence of type 2 diabetes during the follow-up
period. Authors found that 31 participants randomized to Se and 25 randomly assigned placebo were
diagnosed with type 2 diabetes; however, despite a higher number of cases in the Se arm, the difference
was not statistically significant. Interestingly, the study showed a statistically significant increase in the
risk of type 2 diabetes in elderly individuals, which suggests that with old age supplementation with
Se may increase the risk of type 2 diabetes [28]. These findings mirror the controversy on whether
higher Se concentrations could increase the risk of type 2 diabetes or not.

Observational studies have also shown a non-linear association between Se and type 2 diabetes.
A recent, comprehensive meta-analysis that was conducted in 2019 among 20 observational studies
concluded that high Se levels are significantly associated with type 2 diabetes (pooled odds ratios, 1.88;
95% confidence interval, 1.44 to 2.45). However, significant heterogeneity was observed within different
studies and the analysis of the funnel plot revealed significant publication bias. Subgroup analysis was
also conducted according to the method of Se measurement in each study. Significant association was
shown among studies that used blood, diet, and urine as specimens for Se level detection but not in
studies that used nails as a sample for Se measurement. Sensitivity analysis was conducted in addition
to the trim and fill analysis to account for the heterogeneity and the publication bias, yet the results
were consistent upon all adjustments [18]. Another non-linear dose–response analysis confirmed that
both levels below and above the physiological range are potential risk factors for diabetes which is
consistent with other review articles that suggested a U-shaped relationship between Se and diabetes.
Positive associations were detected among patients with low Se levels (<100 μg/l) and patients with
high Se levels (>130 μg/l) [29].

3.3. Cardiovascular Disease (CVD)

Se as an antioxidant was assumed to play an essential role in protecting against atherosclerotic
events and CVD [30]. Se deficiency was directly linked to Keshan disease, an endemic cardiomyopathy
that is found in regions where Se intake is very low [31]. Multiple studies were carried out to assess
the impact of Se on CVD risk. Both low and high levels of Se were found to adversely affect heart
function [2]. In Eastern USA, a post hoc analysis of the NPC trial was conducted with a follow-up
of 7.6 years to study the effect of Se supplementation on the prevention of CVD. The incidence of
myocardial infarction, total cerebrovascular accidents and CVD were assessed, and the results revealed
that there is no overall benefit of supplementing 200 μg/day of Se to prevent CVD [26]. The SELECT
trial did not also find any significant effect of Se on overall cardiovascular events [27]. A meta-analysis
of RCTs showed that oral Se did not have an overall effect on cardiovascular events regardless of Se
formulation or dose [32]. Observational studies have shown conflicting conclusions. A meta-analysis
of observational studies concluded a nonlinear, U-shaped relationship, between Se levels and CVD
risk. The suggested range of Se concentrations that results in significant beneficial effects against CVD
is from 55 to 145 μg/l [32].

3.4. Cancer

The role of Se in cancer prevention was extensively studied in various cancer types. Se exerts its
action through the antioxidant activity of selenoproteins in addition to several other mechanisms [33].
However, some laboratory studies suggested that Se can promote malignant cell transformation and
progression [34]. Therefore, whether Se promotes or prevents cancer is not fully clear. Various RCTs
investigated Se supplementation for cancer prevention. The first RCT is the NPC trial that aimed
at assessing the influence of Se on the development of non-melanoma skin cancer. The NPC trial
concluded that Se does not exert a chemoprotective effect against the recurrence of non-melanoma
skin cancer, yet it significantly reduced the risk for all cancers, and for esophageal, prostate, colorectal,
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and lung cancers [25]. Another smaller trial among patients who received organ transplants found
an unexpected increase in the incidence of non-melanoma skin cancer as a secondary outcome in
Se-supplemented group [35]. The SELECT trial was a pivotal study that was carried out in male
general population without high risk of prostate cancer to assess the incidence of prostate cancer among
Se-supplemented participants compared to placebo. The study found no significant difference in
prostate cancer incidence between Se-supplemented and placebo groups. It also detected no difference
in overall cancer risk or any other cancer types [27]. Moreover, three recent RCTs evaluated Se impact
on participants with high risk for prostate cancer and all showed no beneficial effect of Se on the
incidence of cancer [36–38]. Additionally, a trial among women with high risk of breast cancer due to
mutations to breast cancer type 1 (BRCA1) susceptibility gene showed increased risk of all cancers
and primary breast cancer in Se-supplemented arm compared to placebo [39]. Observational studies
have also assessed Se effect on cancer risk with strongly conflicting results. A recent meta-analysis
of observational cohort studies showed an overall lower risk of cancer among participants with the
highest baseline exposure levels, yet the included studies are subject to a substantial risk of bias [40].

4. Regional Variability of Se Status: A Focus on the Situation in the Middle Eastern and North
Africa (MENA) Region

The status of Se across the MENA region is widely variable with some countries deficient,
some over sufficient and some sufficient in addition to several countries with unknown Se status.
This variability was apparent even between provinces from the same country. These tremendous
variations may be linked to the varying concentration of Se in the soil were food consumed is gown.
We summarized in this review the available evidence on Se status and intake among countries of
the MENA region. It is important to note that most of the studies that assessed Se concentrations in
biological samples were case-control studies with small sample sizes that cannot be generalized to the
whole population. Few studies addressed Se status in a small number of countries with total paucity
of information in many other countries of the MENA region. Available evidence on Se status among
countries of the MENA region are summarized in Figure 2.

Figure 2. Available data on Se status in children and adults among countries of the MENA region.

4.1. Turkey

A study that analyzed Se concentrations in colostrum, transitional and mature breast milk
among healthy lactating women concluded that Se content is below the international reference
range set at 18.5 μg/l among all different samples throughout the lactation period [41]. Moreover,
analysis was extended to dairy milk products in Turkey collected from different cities and its findings
revealed that goat milk had the highest content followed by sheep milk and finally cow milk had
the lowest Se content [41]. A more recent study included all dairy products in the analysis and
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found that concentrations varied based on the type of food with butter and cheese having higher
concentrations; however, other products such as ice cream, milk, and yogurt had almost no Se
content [42]. The estimated daily intake of Se among children was reported as 30-40 μg/day [43].
However, with regards to Se concentrations in blood, multiple case-control studies were conducted
among different healthy and patient populations including infants, children, adults, pregnant women,
and postmenopausal women. Other studies also used samples from erythrocytes and semen to assess
Se concentrations [44,45]. Overall, values were widely variable ranging from 50–138 μg/l in healthy
populations [43–55].

4.2. Jordan

A survey of groundwater was conducted to assess the levels of Se in multiple aquifers in Amman
Zarqa Basin. Se levels were various among different aquifers ranging from 0.09 to 742 μg/l with an
average of 24 μg/l, which exceeds WHO recommended threshold for drinking water [56]. A later
case-control study of colorectal cancer patients assessed the dietary intake of Se which was found to
be 59.26 ± 8.91 μg/day for controls. This value is higher than the RDA (55–70 μg/day) [57]. On the
other hand, Se concentrations were analyzed in two studies using blood and hair samples [58,59].
Blood concentrations in non-smokers were found to be around 187 μg/l which is relatively high [58].

4.3. Iran

Multiple studies were conducted in Iran among various populations, children, adults, and
elderly [60–62]. Se intake was found to be adequate in children and adults [60,61], whereas in
postmenopausal women, Se intake was significantly lower than the RDA (55 μg/day) [62]. Se levels in
rice samples from Iran were assessed and they were found to be relatively high [63]. Se status in Iran
was assessed in various studies in healthy and patient populations. Blood concentrations ranged from
58–123 μg/l in children, adults and pregnant women [64–77].

4.4. Kingdom of Saudi Arabia (KSA)

A study was conducted to assess the content of Se in wheat grains grown in KSA. This study
reported highly variable concentrations ranging from 8 to 293 μg/kg [78]. Other recent studies that
quantified the intake of Se estimated the intake to be 75–121.65 μg/day and 93 μg/day in the regions
of Jeddah and Riyadh, respectively [79,80]. Moreover, surveys of infant milk formulas, breast milk
and cow’s milk were conducted to determine Se intake in infant/children populations. The findings
of those surveys showed that infant milk formulas contained adequate amounts of Se whereas some
breast-fed infants might have lower than recommended Se intakes [81,82]. On the other hand, Se
status was assessed in multiple case-control studies in KSA. Those studies were done using various
samples; serum, urine, toenails, whole blood, umbilical cord blood, and placental tissue [5,80,83–91].
Blood concentrations varied widely from as low as 32 μg/l to 195 μg/l [5,80,85–88,90,91].

4.5. Egypt

Se intake among healthy children in Egypt was found to be 8.3 ± 2.3 mg/day [92]. Case-control
studies in Egypt were mainly done on children, and reported Se concentrations ranging from
65–83 μg/l [93–95]. Studies have also assessed Se concentrations in neonates and their mothers and the
concentrations were found to be 86 μg/l and 118 μg/l, respectively [96].

4.6. Qatar

In Qatar, no direct studies were conducted to assess the intake of Se among Qatari population.
However, according to Qatar General Electricity & Water Corporation (Kahramaa) drinking water
quality requirements report, Se is not expected to be present in Qatar’s water system [97]. This indicates
that the Qatari population is not expected to have any Se intake from drinking water sources.
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Additionally, a market basket survey of Se in rice imports in Qatar, the primary staple dish, concluded
that for Qatari citizens, rice compensates for more than 100% of RNI Se (30 μg/day) regardless of the
gender or the type of rice consumed. However, for non-Qatari expatriates (over 80% of the population),
with a much lower rice consumption, the percentages were variable according to gender and type of
rice consumed, yet they were all below 100% of RNI Se [98]. Further analysis included rice-based
infant cereals in Qatar which was found to provide around 63% of RNI Se based on the recommended
daily serving [98]. This can conclude that rice consumption in Qatar is a significant contributor to the
daily intake of Se. However, Se status in Qatar was not assessed in any of the few studies available.

5. Conclusions

Se plays a very important role in health and hence Se status and intake are very important to be
known for a specific population as the levels of Se are highly variable among different populations and
regions. Studies conducted in the MENA region to assess Se status and intake are very limited and most
of those available were designed as case-control protocols with small sample sizes. For those countries
with data available such as Iran, Turkey, and KSA, more powered, rigorous, and well-designed studies
should be conducted to assess Se status among different populations in that specific country or regions
that share more or less similar lifestyle and climate such as the six countries of the Gulf Cooperation
Council (GCC). Se intake should also be assessed using food surveys and through surveying Se content
in staple food (e.g., rice) especially that most of food products consumed in a large number of countries
of the MENA region are imported from various parts of the world which may have variable Se
content in the soil. Moreover, for many countries within the MENA region, including Qatar and most
North-African countries, data about Se status is totally absent. This warrants the need for rigorous and
well-constructed studies to determine Se intake and status among the general population and specific
populations, such as children and pregnant women, in those countries. Furthermore, studying the
relationship between Se status and the incidence of chronic diseases, such as diabetes and CVD in the
MENA region would help in devising novel preventive approaches for these disorders particularly
prevalent in many countries of this region.
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Abstract: Reactive oxygen species (ROS) are frequently produced during viral infections. Generation of
these ROS can be both beneficial and detrimental for many cellular functions. When overwhelming
the antioxidant defense system, the excess of ROS induces oxidative stress. Viral infections lead to
diseases characterized by a broad spectrum of clinical symptoms, with oxidative stress being
one of their hallmarks. In many cases, ROS can, in turn, enhance viral replication leading
to an amplification loop. Another important parameter for viral replication and pathogenicity
is the nutritional status of the host. Viral infection simultaneously increases the demand for
micronutrients and causes their loss, which leads to a deficiency that can be compensated by
micronutrient supplementation. Among the nutrients implicated in viral infection, selenium (Se) has
an important role in antioxidant defense, redox signaling and redox homeostasis. Most of biological
activities of selenium is performed through its incorporation as a rare amino acid selenocysteine
in the essential family of selenoproteins. Selenium deficiency, which is the main regulator of
selenoprotein expression, has been associated with the pathogenicity of several viruses. In addition,
several selenoprotein members, including glutathione peroxidases (GPX), thioredoxin reductases
(TXNRD) seemed important in different models of viral replication. Finally, the formal identification
of viral selenoproteins in the genome of molluscum contagiosum and fowlpox viruses demonstrated
the importance of selenoproteins in viral cycle.

Keywords: reactive oxygen species; glutathione peroxidases; thioredoxin reductases; influenza virus;
hepatitis C virus; coxsackie virus; human immunodeficiency virus; molluscum contagiosum virus;
viral selenoproteins; immunity

1. Introduction

Selenium is an essential trace element for mammalian redox biology. Numerous epidemiological
studies have revealed an association between selenium deficiencies and the increased risks of
developing several pathologies, including cancers, neurogenerative diseases, cardiovascular disorders
and infectious diseases [1–13]. The ability of selenium supplementation to reverse or reduce these
risks has been reported in many human or animal models although it remains controversial [14].
Unlike other trace elements that act as cofactors, selenium is covalently bound to organic molecules.
Most of the beneficial effects of selenium is due to its incorporation in the form of selenocysteine into
an essential group of proteins that are called selenoproteins. Selenocysteine is the 21st proteinogenic
amino acid and is encoded by an UGA codon which is normally the signal for termination of protein
synthesis [15–23]. Selenocysteine is a structural and functional analog of cysteine in which a selenium
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atom replaces sulfur to confer an enhanced catalytic activity. Amongst the twenty-five selenoprotein
genes identified to date, several have important cellular functions in antioxidant defense, cell signaling
and redox homeostasis [24]. Within the well characterized selenoproteins we find the following
sub-families: Glutathione peroxidase (GPX1–GPX4 and GPX6) that reduce hydrogen and lipid
peroxides [25], thioredoxin reductases (TXNRD1–TXNRD3) which are essentials in the homeostasis of
thiol systems [26–29], methionine sulfoxide reductase (MSRB1) [30] and selenoproteins located in the
endoplasmic reticulum (DIO2, SELENOF, SELENOK, SELENOM, SELENON, SELENOS and SELENOT)
exhibit important functions in protein folding and in the endoplasmic reticulum stress response [31–33].
The other half of the selenoproteome remains without a, yet, defined function. Selenoproteins are
present in many organelles or cellular compartments, with a specific tissue distribution and sensitivity
to selenium level changes. Selenoproteins are therefore important components of antioxidant defense
systems maintaining redox homeostasis, which also include catalase (CAT), superoxide dismutase
(SOD), glutathione (GSH), vitamin E, carotenoids, and ascorbic acid.

Reactive oxygen species (ROS) are produced during viral infections with both beneficial and
deleterious consequences for the cell (Figure 1). The viruses associated with ROS production are
human immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), Epstein-Barr
virus (EBV), herpes simplex virus type 1 (HSV-1), vesicular stomatitis virus (VSV), respiratory syncytial
virus (RSV), human T cell leukaemia virus type 1 (HTLV-1) and influenza viruses [34]. The mechanisms
of ROS generation by the various viruses are diverse, but in several cases the host antioxidant defense
enzymes, and especially members of the selenoproteome, are targeted.

2. Reactive Oxygen Species (ROS) in Immunity and Viral Infection

2.1. ROS and Oxidative Stress

The term “reactive oxygen species” (ROS) refers to series of side-products derived from molecular
oxygen (O2) generated during mitochondrial oxidative phosphorylation in every respiring cells
(Figure 1). ROS can also arise from exogenous sources including drugs, xenobiotics, metals, radiation,
smocking and infection [35]. ROS consist of radical and non-radical oxygen species formed by the
partial reduction of molecular oxygen. They include superoxide anion radical (O2

•−), hydrogen
peroxide (H2O2), and hydroxyl radical (HO•). At low concentration, ROS are also essential molecules
in physiological processes such as cell signaling, proliferation, tumor suppression, and maintenance
of the immune system. Oxidative stress arises when an imbalance between ROS and the cellular
antioxidant defense system occurs (Figure 1). This could be due to an increase in ROS levels or a
decrease in the cellular antioxidant capacity. Oxidative stress leads to direct or indirect ROS-mediated
damage of nucleic acids, proteins, and lipids, and this phenomenon has been implicated in many
pathological conditions including carcinogenesis [36], neurodegeneration [37,38], atherosclerosis,
diabetes [39], and aging [40].

The production of ROS can be assessed indirectly either by using redox-sensitive dyes that are
oxidized by ROS into quantifiable fluorescent products, such as 20,70-dichlorodihydrofluorescein
diacetate (DCFHDA) or by quantification of cellular oxidation products such as oxidized
DNA (8-hydroxydeoxyguanosine), lipids (malondialdehyde, F2-isoprostane, 7-ketocholesterol,
and 7-hydroxycholesterol), proteins (carbonyl, 4-hydroxynonenal or glycated oxidation products).
Many enzymatic assays are also available to evaluate the antioxidant function of the organisms [41].
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Figure 1. Balance between the generation of reactive oxygen species (ROS) and their scavenging systems
in human. This equilibrium can be unbalanced during viral infections, resulting in oxidative stress.
The main ROS producing systems include the mitochondrial oxidative phosphorylation, the phagocytic
cell NAPDH oxidases (PHOX), the NADPH oxidases/dual oxidases (NOX/DUOX) and the xanthine
oxidase (XO). The main ROS scavenging systems include the catalase, the superoxide dismutases
(SODs), the peroxiredoxins (PRXs), the glutathione peroxidases (GPXs), the thioredoxins (TRXs) and the
balance between reduced and oxidized glutathione (GSH/GSSG). The viruses for which an oxidative
stress has been reported are herpes simplex virus type 1 (HSV-1), influenza viruses, vesicular stomatitis
virus (VSV), Epstein-Barr virus (EBV), human immunodeficiency virus (HIV), human T cell leukaemia
virus type 1 (HTLV-1), hepatitis B virus (HBV), respiratory syncytial virus (RSV) and hepatitis C virus
(HCV) [34].

2.2. ROS Function in Immunity and Cell Signaling

ROS have an important role in host defense and immunity [42]. The most characterized example
is the mechanism by which phagocytic cells produce large amounts of ROS to eliminate a wide variety
of pathogens without altering the host cell viability. The nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase enzyme complex of phagocytic cells (PHOX) produces superoxide anion radical
in the phagocytic vacuole via the transfer of one electron from NADPH to molecular oxygen [41].
The conventional idea is that this (O2

•−) molecule dismutates to form H2O2 and other ROS by further
chemical or enzymatic reactions [43,44]. Indeed, the myeloperoxidase (MPO) that is an abundant
protein released from the granules into the vacuole can further process H2O2 into HOCl. While the
mechanism by which ROS can neutralize the invading micro-organisms in the phagosome is still a
matter of debate, the production of HOCl by MPO seems to have a predominant role [43,44].

In addition to microbicidal activity, ROS also act as signaling mediators during cell death/apoptosis
but also in processes that control cellular proliferation and differentiation. The family of NADPH
oxidases (NOX) and Dual Oxidases (DUOX), referred to as NOX/DUOX, are homologs to PHOX
and expressed in a variety of tissues, including colon, kidney, thyroid gland, testis, salivary glands,
airways and lymphoid organs. A clear role for cytoplasmic ROS generated by NOX2 as well as DUOX1
has been shown in T cell receptor signaling as well as downstream activation and differentiation of
T cells [45–48]. ROS production by mitochondrial complex III is required for antigen-induced T cell
activation and production of interleukin-2 which is the cytokine essential for T cell proliferation [49].

2.3. ROS and Viral Infection

Viral infection is often accompanied by alteration of intracellular redox state of the host
cell [34,41,50–60] (Figure 1). Viruses are known to induce ROS-generating enzymes, including NOX/
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DUOX and xanthine oxidase (XO) and to disturb antioxidant defenses. XO is implicated in the
catabolism of purine nucleic bases by producing H2O2. Increased of NOX/DUOX and XO activities
were observed both in vitro and in vivo during viral infection [41]. Infection by the HIV is associated
with decreased levels of GSH and an increased production of ROS [61–63]. The latter can be caused
directly by virus and/or by the inflammatory response of the host. The viral TAT protein increases
intracellular ROS levels by inhibiting the antioxidant enzyme manganese superoxide dismutase
MnSOD [64]. In chronic hepatitis C, direct interaction of core protein with mitochondria is an important
cause of the oxidative stress [57]. The increase of ROS production has been well documented during HIV,
HBV, HCV, EBV, HSV-1, VSV, RSV, HTLV-1 and Influenza viral infections [34]. With HIV-1, ROS were
found to stimulate viral replication with the nuclear transcription factor NF-kB, which is necessary for
viral replication, being activated by oxidative stress in vitro [54,57,65].

3. Selenium, Selenoproteins and ROS

3.1. Selenium Insertion in Selenoproteins

Food is the primary source of selenium intake for mammals, but only five molecules (selenocysteine,
selenomethionine, selenoneine, selenite, and selenate) constitute the bioavailable selenium in food
intake [9,11]. The recommended daily intake of selenium in adults is comprised between 50 and 70
μg per day. A repeated daily intake above 400 μg leads to selenosis and eventually death. However,
in certain regions of China, continual intakes of ~1000 μg Se/day are not associated with adverse effects
other than fragile hair and fingernails due to keratin disruptions. Importantly, the concentration of
selenium measured in the soil and water determines its levels in the living organisms and crops growing
in these territories, and notably the components of human food chain, including microorganisms,
plants, cereals, vegetables, fruits, farm animals, etc. The importance of selenium as a trace element in
human health has been evidenced in a selenium-deprived area of China named Keshan, which then
provided the name to the disease, as described in Section 4.1 and in [66]. Strikingly, Keshan disease
has been fully eradicated by selenium supplementation [66]. Other regions around the globe are
particularly deprived from selenium (<0.1 mg·kg−1), and are located in China, New Zealand, Finland,
South-East of USA, and in the UK [9].

It is now well admitted that the biological activity of selenium comes from its insertion into
selenoproteins as a rare amino acid, selenocysteine [15–23]. The human selenoproteome is encoded
by 25 selenoprotein genes and is highly regulated by selenium bioavailability [9,10,15,22,67–70].
Many reports have evidenced a prioritized regulation of the selenoproteome in response to selenium
depletion that maintains the expression of essential selenoenzymes at the expense of others. Upon a
normal diet, tissue concentration of selenium in the human body ranges from highest levels to lowest:
Kidney, liver, spleen, pancreas, heart, brain, lung, bone and skeletal muscle [11]. Interestingly,
in animals fed with a low selenium diet, selenium levels are drastically reduced in most tissues,
including the normally selenium-rich ones kidneys and liver, but are maintained in very few tissues
such as the brain and neuroencrine glands [71]. This phenomenon, described at the scale of organism,
tissue, or cell lines, is referred to as selenium or selenoprotein hierarchy [15,22].

The process of selenocysteine insertion relies on a translational mechanism that is unique in
many aspects. Selenocysteine was the first addition to the genetic code and is therefore referred to
as the 21st amino acid. This amino acid is encoded by the UGA codon, which is normally a stop
codon [15,17]. Thus, the cell has evolved a dedicated machinery to recode UGA as selenocysteine
in selenoprotein mRNAs while maintaining its use as a stop codon in other cellular mRNAs [15,17].
The selenocysteine insertion sequence (SECIS) located in the 3′ UTR of the mRNA [72] and the
selenocysteine-tRNA (Sec-tRNA[Ser]Sec) [16], together with their interacting protein partners allow
the co-translational incorporation of a selenocysteine amino acid in selenoproteins. This mechanism
is rather inefficient (between 1 and 5%), and mostly results in a truncated protein, the UGA codon
being read as a stop codon [73–78]. Interestingly, more and more reports support the idea that the
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UGA-selenocysteine recoding event by the ribosome is a limiting stage, and its efficiency dictates
selenoprotein expression [15,17,22,67–70,74].

3.2. Role of Glutathione Peroxidases in Antioxidant Defense

Twenty five selenoprotein genes are present in the human genome [79–81], and most of them
are involved in a redox reaction [24]. Among the selenoproteome, the GPXs are major components
of the mammalian antioxidant defense. In humans, eight GPXs paralogs have been identified,
five of them contain a selenocysteine residue in the catalytic site (GPX1–GPX4, GPX6), and three
have a cysteine instead (GPX5, GPX7 and GPX8). Among the selenoenzymes, GPX1 and GPX4
are ubiquitously expressed and represent two of the most abundant selenoproteins in mammals.
GPX1 is only cytoplasmic while GPX4 is localized in cytoplasmic, mitochondrial, and nuclear cellular
compartments. GPX3 is a glycosylated protein secreted in the plasma mostly by the kidney, and its
enzymatic activity is commonly used to evaluate the selenium status of the organism as its level
fluctuates with selenium intake. GPX2 has initially been described as a gastrointestinal-specific enzyme
but is present in other epithelial tissues (lung, skin, liver). Finally, the recently characterized GPX6,
is only found in the olfactory epithelium and embryonic tissues. The role of the GPXs is to reduce
hydrogen peroxides and organic hydroperoxides before they cause oxidative damage by reacting on
cellular components. GPXs use GSH as a cofactor which is subsequently recycled by glutathione
reductases [25], Figure 2A. In vitro, GPXs are able to reduce a wide variety of substrates that
include H2O2, tert-butyl hydroperoxide, cumene hydroperoxide, ethyl hydroperoxide, linoleic acid
hydroperoxide, paramenthane hydroperoxide, phosphatidylcholine hydroperoxide and cholesterol
hydroperoxide (Figure 2A). As reported in [82,83] the different GPXs have overlapping enzymatic
activities but they exhibit strong substrate specificities. For example, GPX4 is thought to be specialized
in the reduction of lipid hydroperoxides while GPX1 is involved in the regulation of H2O2 metabolism.

The individual role of GPX members has been revealed by gene inactivation in mice. Interestingly,
while the inactivation of Gpx4 gene is embryonically lethal [84], mice deficient in Gpx1 or Gpx2 genes
are perfectly healthy, fertile and show no increased oxidative stress as compared with wild-type (WT)
animals in normal growth conditions [85–87]. However, when Gpx1−/− and WT mice are exposed to
lethal doses of pro-oxidant, such as paraquat or H2O2, an eight-fold decrease in survival is observed
for Gpx1−/− knockout (KO) mice [88,89]. This data suggests that GPX1 has a major role in protecting
cells against strong oxidative stress but plays a limited role during normal development and under
physiologic conditions. GPX2 appears to have a dual role in cancer, behaving either as a protector of
carcinogenesis or a promoter of tumor growth, as revealed by various models [90].

3.3. Role of Thioredoxin Reductase in Antioxidant Defense, Redox Homeostasis and Redox Signaling

The two major reductive systems in mammalian cells are the thioredoxin (Txn) and GSH
pathways. The Txn system is completely dependent on selenium as the three thioredoxin reductases
(TXNRD1–TXNRD3) are selenoproteins with the selenocysteine residue at the penultimate position
of the C-terminal end of the protein [26,28]. TXNRD1 and TXNRD2 are ubiquitously present in the
cytoplasm and mitochondria, respectively, while TXNRD3 expression is restricted to specific tissues.
The primary substrates of TXNRD1 and TXNRD2 are Txn1 and Txn2, respectively, Txn2 being
localized in the mitochondria. TXNRDs catalyze the NADPH-dependent reduction of oxidized
thioredoxin (Figure 2B). The Txns catalyze the reduction of protein disulfides such as in ribonucleotide
reductase, peroxiredoxins (PRX), MSRB1, protein disulfide-isomerase (PDI), and are therefore critical
for DNA synthesis, the defense against oxidative stress and disulfide formation within the endoplasmic
reticulum [20]. Peroxiredoxins are able to reduce H2O2, organic hydroperoxides and peroxynitrite
in order to protect cellular components from oxidative damage. However, the existence of multiple
peroxide-removing enzymes such as catalase, GPX and PRX indicates that these peroxidases are not
simply used in oxidant defense [91]. During inflammation, high levels of peroxides are produced
by phagocytes to kill microorganisms. It has been well established that PRXs play cytoprotective
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antioxidant role in inflammation. Recently, it has been proposed that PRXs may play key roles in
innate immunity and inflammation [91]. It becomes clear that, in addition to fighting oxidative stress,
PRXs are important modulators of peroxide signaling. In addition to Txn, TXNRDs can reduce other
small molecules containing sulfur, selenium, or oxidized semiquinone and therefore participate in
many other cellular processes [20,26,28,92], Figure 2B.
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Figure 2. Enzymatic activities of the two most important families of selenoproteins involved in
antioxidant defense in mammalian cells: the glutathione peroxidase (GPX) and the thioredoxin
reductase (TXNRD). (A) GPXs use two molecules of reduced glutathione (GSH) to reduce hydrogen
peroxides and organic hydroperoxides (ROOH) in their respective alcohols (ROH). The various peroxide
substrates of mammalian GPXs are listed next to the bracket; (B) TXNRDs use NADPH to catalyze the
reduction of thioredoxins and therefore participate in many cellular functions but can also reduce other
sulfur or selenium containing compounds. Ox, oxidized molecule; Red, reduced molecule.

4. Selenium, Selenoproteins and Viral Replication

It is now recognized that the nutritional status of the host plays a leading role in the defense
against infectious diseases [93–97]. Many studies show that nutritionally deficient humans or animals
are more susceptible to a wide variety of infections. For a long time, researchers have believed that
this was only the result of an impaired host immune response due to the deficiency of a particular
nutritional element. However, as described below, the mechanism is more complex in that nutritional
deficiency impacts not only the immune response of the host but also the viral pathogen itself. Thus,
dietary selenium deficiency that causes oxidative stress in the host can alter a viral genome, so that
a normally benign or mildly pathogenic virus becomes highly virulent in the deficient host under
oxidative stress. This phenomenon has been reported in animal models for influenza and coxsackie
viruses [95,98,99], but the molecular mechanism remains unclear. Once the viral mutations occur,
even hosts with normal diet would be sensitive to the newly pathogenic strain. The link between
selenium levels and viral infection has been reported for many viral groups, see Table 1.
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4.1. Coxsackie Virus

The coxsackie virus is a nonenveloped, linear, positive-sense single-stranded RNA virus
that belongs to the family of Picornaviridae (Group IV), genus Enterovirus. These enteroviruses,
which also include poliovirus and echovirus, are among the most common and important human
pathogens [100,101]. Coxsackie viruses are divided into group A (23 serotypes) and group B (six
serotypes) viruses. In general, coxsackie viruses from group A infect the skin and mucous membranes,
while viruses from group B infect the heart, pleura, pancreas, and liver [100].

In the early 1930s an endemic cardiomyopathy termed Keshan disease was first described
in Heilongjiang province, Northeast China. This disease mainly affects infants, children and
women in childbearing age [66]. It is characterized by cardiac enlargement, congestive heart failure,
pulmonary edema and death. Keshan disease spread in another 12 provinces across China between
the 1940s and 1960s. Approximately eight million people lived in the affected areas during that period
of time, and thousands of people died of Keshan disease every year from this pathology. It is only
in the 1970s and even the early 1980s, that the selenium contents in soil, water, food, and human
body fluids were found extremely deficient in the areas affected by Keshan disease as compared with
adjacent provinces [102]. Selenium fertilizer was applied to the soil in order to increase its content in the
food [66]. In addition, selenium supplementation of the diet was also given to the people of these areas.
The result was the complete eradication of this disease in these provinces of China [103]. However,
several features of the Keshan disease, especially the annual or seasonal fluctuation in the incidence of
the disease, did not wholly fit with a selenium deficiency. It appears that this disease has a dual etiology,
i.e., selenium deficiency and an infectious cofactor, namely the coxsackie virus B [103–106].

Animal models were used to understand the relationship between host selenium nutritional
status and coxsackie virus infection [53,93,94,96–99,107–112]. Coxsackie virus B3 (CVB3) infection of
mice can cause myocarditis, similar to that found in human populations afflicted with Keshan disease.
Interestingly, as illustrated in Figure 3 the work from Beck and co-authors showed that a non-virulent
stain of CVB3 (designated CVB3/0) that do not lead to myocarditis, although replicating, is able to
evolve in a virulent strain when inoculated in selenium deficient mice [98,99,109–111]. Remarkably,
this is also true when Gpx1 knockout mice were infected with the benign strain CVB3/0. The sequencing
of the viral genomic RNA isolated from selenium deficient and Gpx1−/− mice demonstrated that a viral
genome change had occurred during the infection and replication of the virus as compared to the
viral genome replicated in selenium adequate animals, resulting in a highly pathogenic virus [108].
Out of the ten-nucleotide positions that were reported to co-vary with cardio-virulence in CVB3 strains,
six reverted to the virulent genotype in virus isolated in Se-deficient mice, and seven in Gpx1−/− mice.
Interestingly, a similar finding was also reported with the deficiency of another essential antioxidant,
namely Vitamin E [93,94].

These experiments performed in animal models demonstrate that the host nutritional status,
and particularly its antioxidant defense system is an important virulence factor, which can greatly
contribute to the evolution of benign viral genomes into more virulent viruses. However, the molecular
mechanism involved in this process remains to be elucidated.

4.2. Influenza Virus (Orthomyxoviridae)

Influenza viruses are enveloped, linear, negative-sense single-stranded RNA viruses belonging to
the Orthomyxoviridae family (Group IV). There are four genus of this family: A, B, C and Thogotovirus,
but only three influenza viruses are infectious for humans (A, B and C) [113]. The viral genome
consists of eight segmented single-stranded RNA segments (seven for influenza C virus) encoding
from 9 to 12 proteins, including hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins,
three ribonucleic acid (vRNA) polymerase subunits (vRNP: PA, PB1, PB2), non-structural protein
(NS1), and matrix proteins M1 and M2 [113].

Various subtypes of the most common influenza A viruses are classified based on the diversity
in the structure of HA and NA proteins. Influenza viruses can be divided into 16 different HA and

123



Nutrients 2019, 11, 2101

NA combinations. Influenza A and B viruses cause epidemics, whereas influenza C virus tends to
cause infections with less severe symptoms [113]. According to the World Health Organization (WHO),
the seasonal epidemics result every year in 3 to 5 million cases of severe illness and in 250 to 500
thousands deaths worldwide (https://www.who.int/influenza/en/). People at highest risk for mortality
are the elderly and individuals with chronic diseases of the lung and heart. However, safe and effective
vaccines are available but often do not perfectly match the circulating subtypes or become ineffective
due to viral antigenic drift [113]. It is therefore necessary to engineer new vaccines and revaccinate
people at risk every year.
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Figure 3. Evolution of the pathogenicity of Coxsackie virus as a function of selenium intake or
selenoprotein knockout [53,93,94,96–99,107–111]. Coxsackie virus B3 (CVB3) infection of mice can
cause myocarditis, similarly to that found in human disease. A non-virulent stain of CVB3 (referred to
as CVB3/0, and shown in blue) does not lead to myocarditis in this animal model, although replicating in
the mice heart fed with adequate selenium diet (left column). In case of selenium deficient mice, a group
of animals was fed with a selenium-deficient diet for four weeks before infection with the benign strain
CVB3/0 (second column from the left). A control group of animals was fed with an adequate-selenium
diet and infected in parallel [98]. In case of selenium-deficient mice, they developed severe myocarditis.
The sequencing of the CVB3 viral genome isolated from the heart of selenium-deficient mice showed
mutations at nucleotide positions known to co-vary with cardio-virulence of CVB3 strains (shown
in yellow). In comparison, the sequence of CVB3 isolated from selenium adequate mice showed no
genetic variation (first column). To determine the consequences of the genetic alterations of the virus,
CVB3 isolated from selenium deficient mice was inoculated in animals fed with a selenium-adequate
diet (third column from the left) [98]. This experiment confirmed that the mutations of the viral
genome increased the cardio-virulence of the virus, which can now induce severe myocarditis
even in selenium adequate mice. To investigate whether the most abundant selenoprotein, GPX1,
which expression correlates with selenium intake, is involved in the virulence of CVB3, a similar study
was performed with Gpx1−/− mice (right column) [108]. These mice, infected with the benign strain
CVB3/0, developed myocarditis and nucleotide mutations of the viral genome isolated from their heart,
similarly to selenium deficient mice.

124



Nutrients 2019, 11, 2101

The patients infected with influenza virus display a marked increase in DNA, lipid and protein
oxidation products in blood plasma and urine [41,114–116]. Models of mice and cell lines infected with
influenza viruses also show an enhanced production of ROS together with an imbalance of antioxidant
defense [117–120]. These models are relevant to study the changes in redox homeostasis induced by
the influenza virus.

The work from Beck’s laboratory extended this novel concept that host nutritional status (especially
selenium deficiency) is an important virulence factor in a viral family other than enteroviruses, as shown
in Figure 4 [95,121–124]. Indeed, a rapid change in the pathogenicity of the virus in selenium deficient
host has been also reported for influenza virus similarly to what was found for coxsackie virus.
As shown in Figure 4, mice were fed with a diet either deficient or adequate in selenium for 4 weeks.
Then, influenza A/Bangkok/1/79 (H3N2), a strain that induces mild pneumonitis in normal mice,
was inoculated to both groups of mice. Interestingly, at all-time points post-infection a clear difference
in pathology was observed between the two groups of mice [95,121–124]. The virus was much more
virulent in selenium deficient mice, although with a similar virus titer than the selenium adequate mice.
In addition, the sequencing of the HA, NA and M genes of viruses isolated from selenium-adequate
and selenium-deficient mice demonstrated a strong impact of selenium status on virus mutation.

It appears that the selenium deficiency of the host promotes rapid genomic evolution of the
virus in HA and NA genes as compared with selenium adequate animals [53,95,122–125]. Strikingly,
these mutations are not stochastic as they were identical in three independent mice fed in selenium
deficient diet. In comparison, very few mutations were detected in animals fed with adequate selenium
diet. These data further confirm the impact of selenium status of the host in viral genome evolution.

4.3. Human Immunodeficiency Virus (HIV)

The human immunodeficiency virus (HIV) is an enveloped, linear, positive-sense single-stranded
RNA virus that belongs to the family of Retroviridae (Group VI), genus Lentivirus. Two types of HIV
have been characterized: HIV-1 and HIV-2 [126]. Given that HIV-1 is more virulent and more infective
than HIV-2, HIV-1 has spread worldwide while HIV-2 is mostly confined to West Africa [127]. HIV is
the etiologic agent of acquired immunodeficiency syndrome (AIDS) and is responsible for a weakened
immune system as it infects immune cells [126]. HIV affects more than 35 million people worldwide
and causes the death of about 1.5 million patients per year (http://www.who.int/hiv/en/). HIV infection
is now considered as a chronic disease that requires intensive treatment and can present a variable
clinical course. No vaccine is available until now, but an effective medication in decreasing the viral
load and increasing the number of CD4 T-lymphocytes has been developed and is referred to highly
active antiretroviral therapy (HAART) [128]. This treatment consists in the combination of three or
more drugs that target different aspects of HIV replication [129].

HIV genome is highly compact and contains three genes encoding viral structural proteins (gag,
pol and env), two genes for essential regulatory elements (tat and rev) and at least four genes encoding
accessory regulatory proteins (nef, vpr, vpu and vif ). As in any retrovirus, the RNA viral genome
is reverse-transcribed in dsDNA that is then integrated in the host genome by the viral integrase.
HIV-1 infects immune cells that harbor the CD4 receptor and a co-receptor belonging to the chemokine
receptor family (CCR5 and CXCR4) [126]. Therefore, cells infected by HIV-1 are CD4 T-lymphocytes,
monocytes, macrophages and dendritic cells. The replication but also the latency of the virus is
extremely variable from one cell type to another.
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Figure 4. Evolution of the pathogenicity of influenza virus as a function of dietary selenium intake
in mice. Influenza A/Bangkok/1/79 (H3N2) virus was inoculated in mice that were previously fed
with selenium adequate or deficient diet for four weeks. This virus induces mild pneumonitis
in selenium-adequate mice but a severe lung pathology in selenium deficient mice [95,121–124].
Various parameters, including the time of lung inflammation, the number of immune cells, the nucleotide
mutations of the isolated influenza viruses, the oxidation status of glutathione (reduced/oxidized),
the GPX and SOD enzymatic activities in the lung, were evaluated and compared between selenium
adequate (left column) and deficient (middle column) mice. The low and high virulent H3N2 viruses
are represented in blue and yellow respectively. The virus recovered from selenium-deficient mice was
inoculated in selenium-adequate mice to evaluate its pathogenicity. Consistent with the observations
made with coxsackie virus, the mutations of the influenza viral genome increased the pathogenicity of
the virus, which can now induce severe lung pathology even in selenium adequate mice [95,121–124].
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Lentiviruses are characterized by a long incubation period after the primo infection that is highly
variable from one patient to another. During this time, humans infected with HIV are under chronic
oxidative stress. The redox status of the patient is strongly disturbed in HIV infected patients as
revealed by the decrease of antioxidant defense (selenium, ascorbic acid, alpha-tocopherol, carotenoids,
superoxide dismutase, glutathione, and glutathione peroxidase) and the increase in ROS production
(hydroperoxides, malondialdehyde, and clastogenic factors) [130]. The altered redox status seems
to contribute to HIV pathogenesis in several ways. In vitro, increasing oxidative stress enhances
the replication of HIV through the activation of NF-kB. Several mechanisms have been reported
to explain the cellular enhancement of ROS production in HIV infection. Most of them imply the
following viral proteins: Gp120, Tat, Nef, Vpr, and Retrotranscriptase (RT), as reviewed in [50].
A dramatic consequence of this chronic oxidative stress is the fatal decrease in the number of CD4
T-cells by apoptosis, and ultimately a failure of the immune system leading to death.

The nutritional deficiencies of the HIV-infected patient can affect the responsive capacity
of the immune system and the progression to AIDS. Selenium is nowadays understood as an
essential micronutrient for antioxidant defense and also immune function [131,132]. HIV infection
simultaneously increases the demand for micronutrients and causes their loss which leads to a
deficiency that can be compensated by micronutrient supplementation [133–135]. Low selenium levels
are associated with a lower number of CD4 T-cells, faster progression of AIDS, and 20% increase
in the risk of death [133,136]. However, little has been done in term of intervention studies by
selenium supplementation or at the cellular and molecular levels to establish the link between selenium,
selenoprotein and HIV infection. For example, selenium supplementation is only effective in slowing
HIV progression for a subgroup of patients, for which serum selenium levels, CD4 count and viral
load were improving in contrast to selenium non-responders or placebo group [137–139]. However,
the cellular and molecular mechanism for this unequal response remains elusive. Although efficient
at controlling viral load and restoring immune function, HIV antiretroviral therapies, especially the
protease and reverse transcriptase inhibitors, have been shown to induce oxidative stress [50,140].
Interestingly, a long time treatment (more than 2 years) with antiretroviral therapy improves selenium
levels as compared with HIV-infected patients not receiving the treatment [141].

The field awaits further investigations to understand the role of selenium and selenoproteins
during HIV infection at the molecular level. The only in vitro data available reported a modification of
the pattern of selenoprotein expression in response to HIV infection in lymphocytes [142] but these
experiments were performed before the complete characterization of the selenoproteome. The impact
of selenium status on viral genome mutations and in particular the shift to more virulent viruses has
not yet been tested for HIV as it has been done for coxsackie and influenza.

4.4. Hepatitis C Virus (HCV)

The hepatitis C virus (HCV) is an enveloped, linear, positive-sense single-stranded RNA virus
that belongs to the family of Flaviviridae (Groupe IV), genus Hepacivirus. Nowadays, about 3% of
the world’s population is infected with HCV, which represents approximately 170 million people.
Although HCV replication occurs in hepatocytes, the virus also propagates in immune cells. In 80% of
the patients with acute hepatitis C, the disease evolves to chronic hepatitis, with 2% developing liver
cirrhosis and 1–5% developing liver cancer [143,144]. Many characteristics of oxidative stress have been
reported during chronic hepatitis C, including a decrease in GSH, increase in MDA, HNE and caspase
activity [145,146]. Zinc and selenium deficiencies increase the risk of chronicity and malignancy [147].
In addition, there is a high prevalence of HCV coinfection in HIV infected patients. The genome of
around 9600 nucleotides encodes a unique polyprotein which is co- and post-translationally cleaved
into 10 structural and non-structural proteins.

The infection by HCV is another well-documented example of virus-induced generation of ROS.
The nucleocapsid protein of HCV, and to a lesser extent NS3, NS5A, E1, E2 and NS4B, are involved
in generating oxidative stress in the liver [51,148–151]. In parallel, the plasma levels of selenium
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together with erythrocyte GPX activities were significantly lower in HCV-infected patients than in
healthy controls. An inverse correlation of selenium levels with viral load was also observed [152].
Interestingly, in HCV and HIV co-infected patients, an even lower serum selenium concentration was
measured than in HIV-infected patients [153]. Endoplasmic reticulum stress and unfolded protein
response are induced by HCV gene expression [154]. A selenoprotein involved in these mechanisms,
SELENOM, has been reported to be upregulated in human hepatocellular carcinoma (HCC) cell
lines and liver biopsies of patients with HCV-related cirrhosis [155]. Whether this is true for other
endoplasmic reticulum located selenoproteins remains to be investigated.

4.5. Other Viruses

The Hepatitis B virus is an enveloped virus with a circular and partially double-stranded DNA
that belongs to the Hepadnaviridae family (Group VII). HBV includes several viruses that infect
liver cells and cause hepatitis in humans and animals. In the viral genome, the large negative
stranded DNA encodes the envelope, core and non-structural proteins, the DNA polymerase and
an oncogenic transactivator [156,157]. The synthesis of the short strand is completed by cellular
DNA polymerases after infection. There are 8 HBV strains, from A to H that differ from their
geographic repartition [156,157]. Worldwide, between 2 and 8% of the population is infected by HBV
but in most of the cases being asymptomatic. An acute HBV infection is however characterized by
yellow eyes and skin, severe fatigue, vomiting and abdominal pain. In less than 5% of the cases,
the infected people could develop a chronic infection which can further lead to a cirrhosis (in 20%
of the cases) [156,157]. Several studies showed an association link between plasma selenium levels
and progression of HBV infection [158–160]. For example, the selenium level is not correlated with
the responsiveness to interferon treatment [161] but an elevated plasma selenium concentration is
associated with a low level of transaminases [161]. Theses hepatic enzymes are implicated in amino
acid catabolism, and their release in the plasma is linked to hepatocellular damage. In intervention
studies, selenium supplementation decreased cancer incidence in HBV infected patients [162], but when
the supplementation was stopped, the incidence became similar to control patients. Finally, in vitro,
when hepatic cell lines were grown with different selenium concentration, lower viral proteins,
viral transcripts and viral genomic DNA were detected with high selenium culture conditions [161].

The Porcine Circovirus 2 (PCV2) is a non-enveloped virus with a circular single-stranded DNA
genome which belong to the Circoviridae family (Group II) [163]. Two strains exist, type 1 and type 2,
but only type 2 causes a disease in swine, namely the Postweaning Multisystemic Wasting Syndrome
(PMWS), a dramatic disease for pig-production industry. The severity of this syndrome is thought
to highly dependent on intrinsic factor such as the status of the immune system. It is one of the
smallest virus characterized so far, encoding only a capsid protein and two necessary proteins for viral
replication [163]. It has been shown that selenomethionine supplementation in cell culture inhibits
viral replication [164–168]. Furthermore, addition of H2O2 or ochratoxin A that induced oxidative
stress enhanced viral replication. This effect was prevented by selenium supplementation [164–168]
or by selenoproteins SELENOS and GPX1 [164–168]. It appears that this mechanism involved the
autophagy pathway [164–168]. Finally, in infected mice, selenium supplementation was able to
decrease histological lesions by reducing inflammation [164–168].
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5. Selenoproteins in Viral Genomes

5.1. 1998: First Example of a Viral Selenoprotein Encoded in Molluscum Contagiosum Virus Genome

Molluscum contagiosum is a viral infection that affects the skin and is caused by the dermatotropic
poxvirus molluscum contagiosum virus (MCV) [237,238]. Unlike smallpox and human monkeypox diseases,
MCV is nonlethal, mostly common in children and young adults and present worldwide [237,238].
However, MCV causes severe skin infections in immunosuppressed adults [237,238]. A typical
feature is the apparition of single or multiple papules on the skin, which may persist for a few years.
Most cases resolve in six to nine months without specific treatments [237,238]. Such a prolonged
infection implies that MCV successfully manipulates the host environment. In 1998, the analysis
of the MCV genome sequence predicted the presence of a candidate selenoprotein, homologous to
mammalian GPX, with 75% amino acid sequence identity with human GPX1 [175], see Figure 5A,B.
This viral GPX protein is encoded by MC066L gene that presents every features of a selenoprotein gene,
i.e., an in-frame UGA codon, a stop codon different from an UGA (in this case UAG), and a SECIS
element in the 3’UTR of the mRNA (Figure 5A). The absence of homologs of this gene in vaccinia
and variola viruses suggests that the GPX-like gene was acquired by the MCV after the divergence of
the Molluscipoxvirus and Orthopoxvirus genera. The expression of this predicted selenoprotein was
tested experimentally in mammalian cells. Indeed, when a plasmid containing the MC066L gene
was transfected in human skin cell lines, many evidences supported the insertion of a selenocysteine
residue at the UGA codon in the full-length protein, the functionality of the SECIS elements and the
cellular antioxidant activity of the MC066L protein [175,239]. Remarkably, this viral selenoprotein
has been shown to be protective for human keratinocytes against cytotoxic effects of UV-irradiation
and hydrogen peroxides [175,239], suggesting an important function for the virus in defending itself
against environmental stress and inflammation. How and when this selenoprotein is expressed in the
context of viral infection remains poorly investigated. The first transcription map of the MCV genome
was provided by the transcriptome sequencing (RNA-seq) of the RNAs synthesized in abortively
infected cultured cells and human skin lesions [240]. These next generation sequencing experiments
showed that MC066L mRNA was only detected in cutaneous lesions, but not in MRC-5, Huh7.5.1 and
Vero cells infected in vitro by the MCV virus isolated from these same skin lesions.

5.2. 2007: A Second Example of an Encoded Viral Selenoprotein in Fowlpox Virus Genome

Almost ten years later, another example of an encoded viral selenoprotein was reported in fowlpox
viral genome [176], see Figure 5C,D. This was due to the increasing number of viral genome sequenced
but also to the development of novel bioinformatic tools dedicated to the discovery of selenoprotein
genes in newly sequenced genomes [79–81]. In this viral genome, a coding region homolog to the
mammalian GPX4 gene was found, with an in-frame UGA codon, and a predicted SECIS element
downstream of the UGA codon but this time within the open reading frame instead of being in the
3’UTR. This finding represented a great opportunity to investigate whether this putative viral SECIS
or a canonical SECIS could function within the open reading frame. The authors demonstrated that
mammalian cell lines supported the expression of selenoproteins with in-frame SECIS element from
both viral and mammalian origin. This fowlpox SECIS element was the second example of a functional
viral SECIS element with a structure being identical to the mammalian SECIS. Interestingly, in an
evolutionary related virus, the canarypox virus (CPV), this gene has evolved in a Cys-containing
GPX4 with a fossil SECIS element still present in the coding region (Figure 5C,D). The potential of
this fossil SECIS to trigger recoding of an UGA codon in selenocysteine has not been investigated. It
appears that there was a recent mutation of the selenocysteine into cysteine codon in canarypox virus,
as it has happened multiple times during evolution of the selenoproteomes in Eukarya, Bacteria and
Archaea [79,80]. Note that cysteine is encoded by UGC and UGU codons, and that a single mutation
is able to change a selenocysteine to cysteine codon and vice-versa. The presence of a fossil SECIS
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element indicates that the GPX4 selenoprotein gene was first acquired from the host and recently
converted to the Cys form.

D GPX4_HUMAN    1 MSLGRLCRLLKPALLCGALAAPGLAGTMCASRDDWRCARSMHEFSAKDIDGHMVNLDKYR
GPX_FOWPN     1 ------------------------------MNDDWILHHTIYNFNLNLLNGESFDFKTYK
GPX_CNPV      1 ------------------------------MDDDWILKHNIYGFNINLINGKNFKLSAYK

GPX4_HUMAN   61 GFVCIVTNVASQUGKTEVNYTQLVDLHARYAECGLRILAFPCNQFGKQEPGSNEEIKEFA
GPX_FOWPN    31 DKICIFVNVASEURLADRNYKELTKLYDRYFCDGLRIMAFPCNQFGGQEPGGVKEIMETI
GPX_CNPV     31 DRICLFVNVASECQLADKNYKELTELYSKYFYDGLRIMAFPCNQFGKQEPGNKKEIMNTL

GPX4_HUMAN  121 AGYNVKFDMFSKICVNGDDAHPLWKWMKIQPKGKGILGNAIKWNFTKFLIDKNGCVVKRY
GPX_FOWPN    91 KKYSVLFDVSEKVIVNTIYAHPLWKWLQTRPILGDVPG-PIKWNFCKFLISPFGYVIKRF
GPX_CNPV     91 KKYSVLFDVSEKVLVNTIYAHPLWKWLQTRAALGDIAG-PIRWNFCKFLISPMGYVIKRY

GPX4_HUMAN  181 GPMEEPLVIEKDLPHYF----------------------------------
GPX_FOWPN   150 DPEVNPMSIQKDIEHVIEQRANEEMTINRWVMPDTHCSEEESLSKDVLNDV
GPX_CNPV    150 DPVINPMSIENDIKKVIEQRDNEEMVLNRWVVPDTPCSEDNNKIPGDVY--

Human GPX4
FPV GPX
CNPV GPX

Human GPX4
FPV GPX
CNPV GPX

Human GPX4
FPV GPX
CNPV GPX

Human GPX4
FPV GPX
CNPV GPX

B GPX1_HUMAN    1 ---------------MCAARLAAAAAAAQSVYAFSARPLAGGEPVSLGSLRGKVLLIENV
GPX_MCV1      1 MADGSGARFPRFSELCAKYAAQLAAAETRSVYAFSARPITGGEPVSLGFLRGRVLLIENV

GPX1_HUMAN   46 ASLUGTTVRDYTQMNELQRRLGPRGLVVLGFPCNQFGHQENAKNEEILNSLKYVRPGGGF
GPX_MCV1     61 ASLUGSTVREYTQMNELQRRLGARGLVVLGFPCNQFGHQENAQNAEILPSLKHVRPGNGF

GPX1_HUMAN  106 EPNFMLFEKCEVNGAGAHPLFAFLREALPAPSDDATALMTDPKLITWSPVCRNDVAWNFE
GPX_MCV1    121 EPNFMLFEKCEVNGARAHPLFAFLREALPAPSDDMSTLVSDPQLIAWSPVCRNDVAWNFE

GPX1_HUMAN  166 KFLVGPDGVPLRRYSRRFQTIDIEPDIEALLSQGPSCA--
GPX_MCV1    181 KFLVGADGTPVRRYSHRCQTLAVEPDIEALLPPPARGYYA

Human GPX1
MCV1 GPX

Human GPX1
MCV1 GPX

Human GPX1
MCV1 GPX

Human GPX1
MCV1 GPX

TGA

SECISMCV1 GPX

Human GPX1 SECIS
TGAA

TGA
SECISHuman GPX4

TGA
SECISFPV GPX

SECIS
TGC

CNPV GPX

C

Figure 5. Gene structures and amino acid sequences of the selenoproteins present in the viral genomes
of molluscum contagiosum virus subtype 1 (MCV1) (A,B) and of fowlpox virus (FPV) (C,D) in
comparison with their respective human orthologs, GPX1 and GPX4 [175,176]. (A) Location of the
typical features of a selenoprotein gene (coding sequence, TGA codon and SECIS element) in human
GPX1 gene in comparison with those of MCV1 GPX gene. For clarity reasons, the introns of human
gene have been removed, but the position of splice sites is indicated by a dashed bar. (B) Amino acid
sequence alignment of human GPX1 (P07203) with MCV1 GPX (Q98234). Identical and similar amino
acids in both sequences are highlighted in black and grey, respectively. The selenocysteine amino
acid (U, in one-letter code) is highlighted in yellow. (C) Comparison of the location of selenoprotein
gene features in human GPX4 gene with those of FPV GPX and Canarypox virus (CPV) GPX genes.
The replacement of the TGA (selenocysteine) codon by a TGC (Cysteine) one in CPV GPX gene is
indicated in green. (D) Amino acid sequence alignment of human GPX4 (P36969) with FPV GPX
(Q70H87) and CPV GPX (Q6VZR0). In-frame SECIS elements in the C-terminal region of FPV GPX are
highlighted in red.

135



Nutrients 2019, 11, 2101

The fact that at least two selenoproteins are encoded by viral genomes suggests that these proteins
provide a substantial advantage for viruses. Similar to molluscum congatiosum GPX1, the fowlpox
GPX4 may provide survival benefits for the virus. These two proteins are, so far, the only proven
examples of genetically encoded viral selenoproteins.

5.3. Putative Selenoproteins in Other Viral Genomes

These two examples of selenoprotein gene snatching from eukaryotic genomes in the viral
genomes of fowlpox and molluscum contagiosum viruses lead to the careful investigation for further
examples of selenoprotein genes sequences with viral genomes. The first analysis searched for
GPX modules within viral genomes where an in-frame UGA codon would be in an amino acid
environment close to the catalytic site sequence of eukaryotic GPXs. Several candidates with sequence
identities greater than 25% were found in the genomes of HIV-1, HIV-2, HCV, coxsackie virus B3 and
measles viruses [183]. Despite these in silico data that GPX-related features are present in a number
of RNA viruses, no RNA structure similar to the SECIS element can be evidenced. Additionally,
no biochemical data demonstrated the expression of viral selenoproteins in any of these cases. It is
possible that viruses have developed somewhat unique mechanisms for Sec insertion, as suggested
in [195], but this remains purely hypothetical in the absence of further experimental proofs.

Perhaps, the most advanced study concerns a putative GPX protein coded in the third reading
frame of the envelope (Env) gene of HIV-1 [241]. Indeed, it contains the typical catalytic triad
selenocysteine (U), Glutamine (Q) and Tryptophan (W) and this putative HIV-GPX protein has been
predicted to adopt the overall GPX fold, as deduced from computerized calculations [233]. In addition,
it appears that the HIV-GPX gene is conserved in laboratory strains of HIV-1, as well as in long-term
non-progressor isolates, but most of HIV isolates from patients with progressive disease presented
deleterious mutations (mostly premature stop codons). In order to grasp the cellular function of
this putative HIV-GPX in mammalian cells, the corresponding coding sequence has been fused
to a mammalian SECIS element and transfected in mammalian cells [234]. The expression of the
HIV-GPX seems to have an anti-apoptotic activity, by conferring cytoprotection against exogenous or
endogenous ROS. Indeed, several viral proteins are known to induce apoptosis via redox-sensitive
effects during HIV-1 viral cycle. Therefore, the presence of a HIV-GPX could be pertinent in the
long-term non-progressor patients. Note that these experiments were performed before the emergence
of the HAART.

Another putative viral selenoprotein gene has been reported in the -1 reading frame of the
NS4 region of Japanese encephalitis virus (JEV). JEV belongs to the Flaviviridae family, which also
includes dengue fever virus (DENV), yellow fever virus (YFV) and West Nile virus (WNV). The gene
named NS4-fs encodes a potential 104 amino acid sequence with three predicted selenocysteine
residues, i.e., three in frame UGA codons [191]. This putative selenoprotein displays 30.3% identity
and 45.8% similarity with an aligned family of ferredoxin with cysteine instead of selenocysteine.
Noteworthy, these three UGA codons are highly conserved, as they are present in all of the 15 full
genomic JEV sequences analyzed. A 3D structure of the protein has been modeled [191] where
the selenocysteine residues are proposed to maintain the conformation of the [Fe2S2] cluster center.
Interestingly, ferredoxin usually acts as an electron transfer agent in biological redox reactions, and this
may somehow be important for JEV infection or replication. Again, in this example, neither SECIS
elements were found nor any biochemical evidence of selenoprotein expression was provided.

6. Conclusions

During viral infections, there are many ways that the host metabolism could be affected, leading to
a dysregulation of redox homeostasis. The viral pathogens induce oxidative stress via the increase
generation of ROS and the alteration of cellular ROS scavenging systems. As part of antioxidant defense,
selenoproteins, such as GPXs, TXNRDs and those located in the ER, play an important role in controlling
oxidative stress. Selenium deficiency creates a weakening of the defense against infectious diseases
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by reducing selenoprotein expression. However, nutritional status of the host can also lead to viral
genome mutations from a benign or mildly pathogenic virus to a highly virulent one under oxidative
stress that could further spread in hosts with adequate selenium intake. The molecular mechanism
leading to the site-specific genome evolution of the virus toward more pathogenic strains awaits
further experiments, especially to understand the implication of the selenoproteins.
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Abstract: Selenoproteins form a group of proteins of which its members contain at least one
selenocysteine, and most of them serve oxidoreductase functions. Selenoprotein F (SELENOF), one
of the 25 currently identified selenoproteins, is located in the endoplasmic reticulum (ER) organelle
and is abundantly expressed in many tissues. It is regulated according to its selenium status, as
well as by cell stress conditions. SELENOF may be functionally linked to protein folding and the
secretion process in the ER. Several studies have reported positive associations between SELENOF
genetic variations and several types of cancer. Also, altered expression levels of SELENOF have been
found in cancer cases and neurodegenerative diseases. In this review, we summarize the current
understanding of the structure, expression, and potential function of SELENOF and discuss its
possible relation with various pathological processes.

Keywords: selenium; selenoprotein F; thiol–disulfide oxidoreductase; endoplasmic reticulum stress;
protein folding quality control; single nucleotide polymorphisms

1. Background

As a trace element, selenium is nutritionally essential for mammals. A lot of evidence has
revealed the role of selenium in preventing cancers and maintaining the proper function of the
thyroid, the immune system, and reproduction [1]. Selenium deficiency is connected to cardiovascular,
aging-associated, immune, and brain diseases [2–5]. Nevertheless, selenium has been found to have a
two-sided effect on human health, depending on its concentration. Excessive selenium can be toxic,
and a tolerable upper intake level of selenium has been established at 300 μg/person per day in the
EU [6]. Also, a U-shaped association has been noted between selenium status and its health effects [7].

The functions of selenium are believed to be enabled by the 21st amino acid, selenocysteine (Sec,
U, Se-Cys) [8]. Sec is encoded by the TGA codon, which is recognized as a stop codon in general
cases. Specific complex machinery is required to co-translationally incorporate Sec into the growing
polypeptide chain, including selenocysteine insertion (SECIS) elements in the selenoprotein mRNA
secondary structures and trans-acting factors that interact with SECIS elements [9].

Proteins containing Sec are grouped into the so-called selenoproteins, which function as regulators,
structural proteins, essential antioxidant enzymes, and others [10]. The protective effect of selenium is
achieved through the regulation of the expression of selenoproteins. Twenty-five selenoproteins have
been discovered in the human proteome [11]. Selenoprotein F (SELENOF), the new name according to
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the selenoprotein gene nomenclature, was initially named the 15-kDa selenoprotein (Sep15) [12]. It was
first characterized in human T-cells by Gladyshev in 1998. A selenocysteine residue was found in the
polypeptide sequences of SELENOF, together with a SECIS element that was located in the 3′-UTR
of its mRNA, thus meeting the criteria of a selenoprotein [13]. Though the function of SELENOF is
only partially established so far, its potential roles in protein folding and secretion have been indicated.
Here, we summarize the available knowledge relating to the structure, distribution, and regulation
of SELENOF, explore the role of SELENOF in protein redox quality control, and discuss the possible
associations between SELENOF genetic polymorphisms/dysregulation and pathologies.

2. The Cellular Localization and Structure of SELENOF

The human SELENOF gene is located on chromosome 1p31 [14]. The gene product SELENOF is
a protein that is localized in the endoplasmic reticulum (ER) with a molecular mass that is close to
15 kDa. It has been found in various species, from green algae to humans. Alignment results have
revealed that its sequence is highly conserved and shares 31% similarity with another ER selenoprotein,
Selenoprotein M [15].

According to the relative location of Sec in the polypeptide chain, selenoproteins can be divided
into two groups. One group contains Sec close to the C-terminal, and the other group has Sec in
the N-terminal part, which has a thioredoxin (Trx)-like structure in most cases [11,16]. SELENOF
belongs to the latter group. Structural studies have revealed an ER signal peptide at its N-terminus,
which directs the newly synthesized SELENOF to the ER where it will be cleaved into its mature
form. Though no typical ER-resident peptide was found in the SELENOF sequence, it is maintained in
ER through a tight association with another protein, UDP-glucose:glycoprotein glucosyltransferase
(UGGT), through a cysteine-rich domain [17]. An atypical CxU motif, in which Cys is separated from
Sec by only one amino acid, is located in the Trx-like domain at the C-terminus [18]. Since Sec is usually
present as an active-site residue and the CxU motif of SELENOF is redox-active and surface accessible,
catalytic activity can be expected from SELENOF. The equilibrium redox potential of the fruit fly
SELENOF protein has been measured to be −225 mV, which is right between the redox potentials of
Trx and protein disulfide isomerase (PDI), suggesting that SELENOF is capable of reducing and/or
isomerizing the disulfide bonds of proteins [18].

3. The Expression and Regulation of SELENOF

The ER is the major cellular component for secreted protein manufacture and glycosylation
initiation. As an ER protein, SELENOF can be detected in a wide variety of human tissues. It is notably
expressed in tissues with secretory functions, such as thyroid, liver, and kidney; in reproductive
organs, such as prostate and testis [14]; and in abundance in brain regions like the hippocampus
and cerebellum [19]. In silicopredictions of the human SELENOF gene have found a typical CpG
island (regions with a high frequency of CpG siteswhere a cytosine nucleotide is followed by
a guanine nucleotide), two putative metal response elements (MREs), and four putativenuclear
factor kappa-light-chain-enhancer of activated B cells (NFκB) binding sites located upstream of
its transcription start site [20] which may mediate the tissue-specific transcriptional expression of
SELENOF. Our research group has confirmed that NFκB mediates the transcriptional regulation of
SELENOF expression in HEK293T cells [21]. Interestingly, MREs are features of the binding sequences
of metal regulatory transcription factors, a class of transcription factors that regulate the transcriptional
response to heavy metal exposure, oxidative stress, and hypoxia. The possibility that metal regulatory
transcription factors regulate SELENOF expression needs to be further clarified.

Hierarchical principles of selenoprotein expression in response to selenium have been noted
by researchers using different tissues or cell models [22,23]. Generally, selenoproteins have been
classified into two groups: “house-keeping” selenoproteins that are resistant to selenium changes, and
“stress-regulated” selenoproteins that are sensitive to selenium changes [24]. Ina recently published
study, SELENOF was assigned to the selenium-sensitive “stress-regulated” group [25]. The expression
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of SELENOF has been reported to be regulated by selenium bothin vitro and in vivo. In primary
mouse colon cells, both selenite and methylseleninic acid (MeSeA) increased SELENOF protein
levels in a dose-dependent manner, while the very same concentrations of Se-methyl selenocysteine
(SeMeSeCys) and selenomethionine (SeMet) had no effect. Notably, the mRNA levels of SELENOF
remained unaffected by all four of these selenium compounds, indicating that the increase in SELENOF
protein levels may result fromthe translation of still-present mRNA [26]. In chickens, dietary selenium
deficiency led to a decrease inSELENOF mRNA [27]. In the liver of selenium-supplemented growing
lambs, SELENOF mRNA was found to be upregulated [28]. Furthermore, selenium can prevent the
downregulation of SELENOF mRNA which is caused by toxicants or oxidative stress [29–31].

Beyond that, the expression of SELENOF is also connected with the state of the ER. Different
changing tendencies of SELENOF protein levels have been observed in adaptive and acute ER stress
conditions [19]. The pharmacological ER stress inducers Tunicamycin and Brefeldin A increased
SELENOF during a 24 h treatment, while Thapsigargin and Dithiothreitol (DTT) stimulated the rapid
degradation of SELENOF [19]. Notably, both Tunicamycin and Brefeldin A trigger ER stress by
interfering with protein synthesis, which indicates the involvement of SELENOF during this process.

4. Role of SELENOF in Redox Protein Quality Control

It has been recognized by researchers that the antioxidative and stress-relieving effects of selenium
are mainly achieved by its incorporation into the selenoproteins with oxidoreductase functions [32].
During adaptive ER stress, SELENOF has been found to be upregulated with a series of protective
cellular actions, such as the Unfolded Protein Response [19]. Thus, the protective function of
SELENOF can be assumed to occur during the selenium-mediated antioxidative process and under ER
stress conditions.

Seven selenoproteins have been identified as residents of the ER, including Iodothyronine
deiodinase 2 (DIO2) and selenoproteins F, K, M, N, S, and T. Though the functions of these ER-resident
selenoproteins have not been fully characterized, evidence has indicated their involvement in
several ER processes, such as maintaining redox or calcium homeostasis, quality control, and the
endoplasmic-reticulum-associated protein degradation (ERAD) machinery [33]. As SELENOF’s
binding partner, UGGT participates in ER protein folding quality control by reglucosylating misfolded
glycoproteins [34]. SELENOF has been found to form a heterodimeric complex with both UGGT
isoforms and markedly enhance their glucosyltransferase activity [35]. The UGGT1 knockout is
embryo lethal, revealing that it is indispensable for embryogenesis and maintaining tissue function [36].
Knockout studies of UGGT1 in cultured cells have demonstrated its effect on protein solubility
and secretion rates [37,38]. Since structural studies have indicated that SELENOF may exhibit
thiol–disulfide oxidoreductase activity, it may also play a role in the glycoprotein folding process
of misfolded proteins that are recognized by UGGT as its potential substrates [15], suggesting that
SELENOF deficiency possibly results in similar outcomes to the UGGT knockout.

We summarize in Table 1 the main contents of the SELENOF knockdown or knockout studies that
have been reported so far. SELENOF knockout mice are viable and fertile, so observation of abnormal
protein remodeling or protein secretion have been reported in SELENOF deficiency cases. In the latest
work on knockout mice, a nonfunctional increase in the secretion of the disulfide-rich glycoprotein
Immunoglobulin M (IgM) and a delay of ER–Golgi protein transportation were detected. Based on this
result, together with previous reports, a gatekeeper function of SELENOF in the redox quality control
process of glycoprotein secretion has been proposed. Recently, we identified Retinol dehydrogenase
11 (RDH11) as an interacting protein for SELENOF. SELENOF overexpression caused a decrease in
exogenous RDH11 retinal reductase activity, suggesting that SELENOF may also affect protein enzyme
activities [39].
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Table 1. Summarization of the SELENOF (Selenoprotein F) knockdown and knockout studies.

No. Models Methods Phenotypes
Pathways or Biological Processes

that Were Possibly Involved
Published

Year

1
Mouse malignant

mesothelioma
(MM) cells

siRNA

The expression of SELENOF
was downregulated in most

MM cases. Differential effects
of selenium on MM cell

growth were associated with
genotype and expression of

SELENOF.

The selenium-induced MM cell
apoptosis was increased in cells that

were transfected with wild-type
SELENOF, however not with the
1125A variant. SELENOF siRNA
inhibition made the sensitive MM

cells more resistant to selenium [40].

2004

2

Mouse CT26
colon cancer cells
and Lewis lung

carcinoma (LLC1)
lung cancer cells

Stably transfecte-d
shRNA

Tumorigenicity and metastasis
inhibition together with

G2/M cell cycle arrest in colon
cancer cells; no effect on lung

cancer cells.

Genes significantly affected by
SELENOF downregulation

belonged to cancer, cellular growth,
and proliferation biological

processes [41].

2010

3 Mouse Knockout

Mice were viable and fertile,
with normal brain

morphology and no activation
of endoplasmic reticulum(ER)

stress. The oxidative stress
was elevated in the livers, and

prominent nuclear cataracts
were developing at an

early age.

SELENOF mRNA level was
progressively elevated in the lens
during mouse development. An
improper folding status of lens

proteins was possibly caused by
SELENOF deficiency [42].

2011

4 Mouse Knockout

Protected mice against
chemically induced colon

cancer by inhibiting aberrant
crypt formation.

SELENOF knockout resulted in
upregulation of Guanylate binding

protein-1 mRNA and protein
expression and a higher level of

interferon-γ in plasma [43].

2012

5 Chang liver cells Doxycycli-ne-inducible
shRNA

Actin and Tubulin
cytoskeleton protein

remodeling and non-apoptotic
membrane blebbing.

SELENOF knockdown induced Ras
homolog gene family, member A

(RhoA) activation and
phosphorylation of myosin

phosphatase target subunit 1, and
the remodeling of F-actin and

α-tubulin was different from typical
apoptotic blebbing cells [44].

2015

6 Chang liver cells Doxycycli-ne-inducible
shRNA

Cell proliferation and motility
inhibition together with G1

cell cycle arrest.

Activation of ER stress,
upregulation of p21 and p27, and

relocation of focal adhesions in
SELENOF-deficient cells [45].

2015

7 Human Lens
Epithelial cells siRNA

Aggravation of the
tunicamycin-induced cell

apoptosis.

SELENOF knockdown further
exacerbated Caspase activation,

mitochondrial membrane potential
decrease, cytochrome C release, and

reactive oxygen species (ROS)
generation, with no effect on ER

stress [46].

2015

8 Mouse CT26
colon cancer cells

Stably transfecte-d
shRNA

Growth and metastasis
inhibition in either SELENOF

or thioredoxin reductase 1
downregulated colon cancer

cells.

Inflammation-related genes
regulated by Stat-1, especially

interferon-γ-regulated
guanylate-binding proteins, were

highly elevated in
SELENOF-deficient cells, however

not in thioredoxin reductase
1-deficient cells. Wnt/β-catenin

signaling pathway was upregulated
in cells lacking both thioredoxin
reductase 1 and SELENOF [47].

2015

9 Mouse Knockout

Mild splenomegaly and
elevated

Immunoglobulin Levels
without altering immune

functions.

Increased secretion of
Immunoglobulin M (IgM), delay of

ER-to-Golgi glycoprotein
transportation [48].

2018

5. Associations of SELENOF and Disease Pathologies

Connections have been noted between selenium status and many disease progressions, such
as various cancers, immune system diseases, and neurodegenerative diseases [32,49,50]. Though
supplementation with selenium has obtained some beneficial effects during these cases, current
findings are not conclusive enough and are sometimes inconsistent. For example, both the Selenium
and Vitamin E Cancer Prevention Trial (SELECT) and a Phase III trial of selenium have failed to
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confirm the effective role of selenium in prostate cancer prevention from the Nutritional Prevention of
Cancer Trial (NPC) results [51]. The disparate results of these trials may be explained by the U-shaped
relationship between selenium status and protection from cancer [7].

Besides selenium status, attention has also been paid to the possible roles of selenoproteins in
these pathologies. Evidence for the effect of SELENOF deficiency on several different cellular events
has been reported, together with the abundant expression of SELENOF in various organs, which we
reviewed above, suggesting that SELENOF could be associated with multiple pathological processes
in different tissues.

5.1. SELENOF Gene Polymorphisms and Pathologies

SELENOF genetic variations have been found to be associated with cancer etiology. Two single-
nucleotide polymorphisms (SNPs), rs5845 and rs5859, have been identified in its 3′-untranslated
region within the selenocysteine insertion sequence-like structures [14]. A significant association
between the rs5845 T allele variant and elevated breast cancer risk in African-American women
has been observed [14]. However, the same genotype shows no association with breast cancer risk
or clinicopathological parameters in Caucasian women [52]. A significant difference in genotype
distribution of the other site of polymorphism, rs5859, has been found between breast cancer patients
and controls in the population of Iran [53]. In smoking individuals, the rs5859 AA genotype may still
benefit from selenium when its plasma concentration is higher than 80 ng/mL, whereas in those with
the GG or GA genotype, a relatively high selenium status could increase the risk of lung cancer [54].
Both the rs5845 and rs5859 sites with minor A and T alleles are associated with increased risk of male
rectal cancer in the Korean population, which suggests that the effect of the two SNPs on cancer may be
gender-dependent [55]. Another four common SNPs within the SELENOF gene—rs479341, rs527281,
rs561104, and rs1407131—have also been identified. Though the polymorphisms rs479341, rs1407131,
and rs561104 are not significantly associated with prostate cancer risk, these SNPs are significantly
associated with prostate cancer mortality [56].

In addition, connections have been found between SELENOF gene polymorphisms and other
diseases or functions. In Kashin–Beck disease, the minor Aallele frequency of rs5859 is statistically
significantly higher [57]. This AA genotype at the rs5859 site is also associated with a shorter time of
progression to AIDS compared with GG homozygotes [58]. In volunteers that aremore than 50 years
old, rs5845 C allele variants received higher verbal learning memory scores than T allele variants [59].
The polymorphic sequences of rs5845 and rs5859 can alter the Sec incorporation efficiency of SELENOF
SECIS elements [14], indicating that SELENOF genetic polymorphism may lead to different SELENOF
protein expression levels in response to selenium, which might contribute to these disease pathologies.

5.2. SELENOF Dysregulation in Pathologies

Dysregulation of SELENOF at mRNA levels has also been noted in several disease cases or
pathological models. SELENOF was found to be upregulated in two hepatocellular carcinoma cell
lines, HepG2 and Huh7, compared with normal human hepatocytes [60]. On the contrary, it was
downregulated in almost 60% of the malignant mesothelioma cell lines and tumor specimens compared
with normal mesothelial cells [40]. Also, the expression of SELENOF mRNA was downregulated in
the hippocampus and substantia nigra brain regions of a Parkinson’s mouse model [61] and in the
leukocytes of bladder cancer patients [62].

6. Conclusions and Perspectives

Sec is encoded by the genetic code UGA, which is recognized as a stop codon in general cases.
It is difficult to overexpress the wild-type selenoproteins in cell or animal models, which limits the
approaches for SELENOF functional studies. Still, the understanding of SELENOF’s unique structure,
subcellular localizations, binding partner, tissue distribution, and regulation will give us some clues
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about its potential function. A series of deficiency studies have revealed its effect on protein secretion,
supporting the speculation that SELENOF plays a role in the redox protein folding process in the ER.

As shown in the concluding Figure 1, as an ER selenoprotein, SELENOF can be regulated by both
selenium status and ER stress. SELENOF forms a complex with UGGT and is involved in glycoprotein
folding quality control. The newly synthesized and folded proteins are packed into vesicles, followed
by Golgi transportation and secretion.

Accordingly, an increasing number of studies have linked SELENOF gene polymorphisms
and SELENOF dysregulation to various diseases, including several types of cancer, AIDS, and
neurodegeneration, which reveals the importance of SELENOF’s physiological functions. Currently,
the mechanisms underlying SELENOF’s associations with numerous pathological states are not
fully understood, and additional work is required to confirm SELENOF’s role in protein quality
control. Recently, we applied a biotin labeling method to the screening and identification of
SELENOF’s potential substrates (data unpublished) which may help us to better understand
SELENOF’s involvement in various cellular processes. Promising results have been reported in
cases applying selenium compounds to cancer and neurodegeneration treatment. Since SELENOF is
selenium-sensitive, it may be a noteworthy potential target during these pathologies.

 
Figure 1. Graphical conclusion. As an endoplasmic reticulum (ER) selenoprotein, SELENOF
can be regulated by both selenium status and ER stress. It forms a 1:1 tight complex with
UDP-glucose:glycoprotein glucosyltransferase (UGGT) in the ER lumen, thus enhancing the enzymatic
activity of UGGT. SELENOF may be involved in glycoprotein folding quality control by rearranging or
reducing the disulfide bonds of UGGT-recognized misfolded proteins. The properly folded proteins
are then packed into vesicles, followed by Golgi transportation and secretion.
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