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Aim To elucidate the relationship between serum selenium levels and the risk of mortality and new-onset heart failure
(HF) in the general adult population.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods
and results

Selenium was measured in a Dutch cohort and a retrospective analysis of prospectively assessed data was performed.
Main outcome measures were all-cause mortality and incidence of new-onset HF separately, and combined as a
composite endpoint. Serum selenium was measured in 5973 subjects and mean selenium concentration was 84.6
(±19.5) μg/L. Mean age was 53.6 (±12.1) years and 3103 subjects (52%) were female. Median follow-up was
8.4 years. Selenium levels associated positively with female sex, higher total cholesterol and glucose concentrations,
and associated negatively with incidence of anaemia, iron deficiency, current smoking, increased C-reactive protein
levels, and higher body mass index. Univariate analysis on all subjects showed no association of continuous selenium
concentrations, per 10 μg/L increase, with the composite endpoint (hazard ratio [HR] 0.96, 95% confidence interval
[CI] 0.87–1.06, p = 0.407). However, significant interaction with smoking status was observed. In non-smoking
subjects (n = 4288), continuous selenium concentrations were independently associated with reduced mortality risk
(HR 0.87, 95% CI 0.79–0.96, p = 0.005), lower risk of new-onset HF (HR 0.82, 95% CI 0.69–0.96, p = 0.017), as
well as reduced risk of the composite endpoint (HR 0.86, 95% CI 0.79–0.94, p = 0.001). In smoking subjects, no
associations were found.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusion Serum selenium was independently associated with multiple indicators of the metabolic syndrome. In addition,
high selenium levels were independently associated with reduced mortality and new-onset HF in non-smokers.
Well-powered interventional studies are necessary to evaluate the potential benefit of repleting selenium, especially
in non-smoking subjects.
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Graphical Abstract

Low selenium levels are not uncommon in several parts worldwide. We measured selenium concentrations in 5973 subjects of the PREVEND cohort,
a general population prospective cohort of the city of Groningen. Of them, 4288 subjects were non-smokers and after a follow-up of 8.4 years,
high selenium concentrations were associated with lower mortality as well as lower incidence of new-onset heart failure in these non-smokers.
Non-smoking subjects with selenium concentrations of >110 μg/L had lower risk for these endpoints as they were close to the levels needed for
optimal expression for selenoproteins (which is 123 μg/L). CI, confidence interval; HR, hazard ratio.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
Malnutrition is a global health problem. Roughly 800 million peo-
ple worldwide are suffering from different forms of malnutrition.1

This is not only limited to undernourishment, but it also includes
specific micronutrient deficiencies caused by an imbalanced diet in
the developing as well as the developed countries.1 Dietary habits
might play essential roles in the development and prevention of
the nutrition-related chronic non-communicable diseases (e.g. dia-
betes, heart failure [HF] and the metabolic syndrome).2 However,
current treatment options consist mainly of medication, which
mostly targets selective pathological pathways and does not cor-
rect underlying causes.2 For instance, suboptimal levels of minerals
and trace elements (e.g. iron, iodine and selenium) may contribute
to the development and progression of HF.3,4 It has been shown
that up to 50% of patients with HF suffer from some form of mal-
nutrition, including micronutrient insufficiencies.3,4

Selenium is an essential micronutrient that is required for proper
enzymatic functioning of 25 selenoproteins. These selenoproteins
have biological functions in redox hemostasis, thyroid hormone ..
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. metabolism, and inflammation as well as for the respiratory capac-

ity of mitochondria in the myocardium.5,6 Dietary uptake of sele-
nium is dependent upon selenium content and speciation in the
soil.6 Nuts (and Brazil nuts in particular), red meat, seafood and
grains are rich sources of selenium.6 Extreme selenium deficiency
is associated with Keshan disease, an endemic dilated cardiomyopa-
thy, which has been observed mainly in areas with very low levels of
selenium in the soil.5,6 This cardiomyopathy has been reversed by
applying population-based selenium supplementation.7 Moreover,
suboptimal selenium levels are not uncommon as several parts of
Europe and Asia contain low soil selenium levels.6,8 Nevertheless,
there is yet no consensus on the definition of selenium deficiency
in the general population.6

Considering the involvement of selenium in various physiological
processes, selenium might have particular relevance to public
health and for patients with non-communicable diseases. Selenium
might be related to mortality risk, although the epidemiological
prospective evidence regarding this association is inconsistent.9–13

With respect to HF, suboptimal selenium levels have been thought
to accelerate the progression of HF, but evidence from prospective

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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studies in a general population on the incidence of new-onset HF
is still lacking.6

In this study, we aim to elucidate the association of serum
selenium levels with mortality and the development of HF, in
a developed country with moderate selenium levels. For this
purpose, we will utilize data from a large, well-characterized,
prospective, general population cohort.

Materials and methods
Patient population
Data from the second visit of the Prevention of REnal and Vascular
End-stage Disease (PREVEND) study have been utilized. This is a
prospective observational Dutch cohort study based on the general
population of the city of Groningen, in the North of the Netherlands.
Detailed description of the study can be found elsewhere.14 In short,
the inhabitants of the city (n = 85 421) were invited to participate in
the study by filling in a postal questionnaire and by providing an early
morning urine sample. Following the exclusion of pregnant women and
patients with type 1 diabetes mellitus, a total of 6000 participants with
urine albumin excretion (UAE) ≥10 mg/L as well as a random selected
control group with UAE <10 mg/L (n = 2592) have been enrolled in
the study. Fasting venous blood samples (i.e. after an overnight fasting
period) were drawn and stored at −80∘C until analysis. Our analysis
is a retrospective analysis of prospectively assessed data. Selenium has
been measured in 5973 subjects (i.e. the available samples from the
second visit), of which 3743 subjects with UAE ≥10 mg/L and 2204
<10 mg/L. Selenium has been measured using a validated inductively
coupled plasma mass spectrometry method as described before.4 The
study was approved by the Medical Ethics Committee of the University
Medical Center Groningen and was performed in accordance with the
Declaration of Helsinki.

Definitions
Anaemia was defined according to the World Health Organization
definition (haemoglobin level <12 g/dl in women and <13 g/dl in men).
Iron deficiency was defined as ferritin levels <30 μg/L. The diagnosis of
type 2 diabetes mellitus was determined if one or more of the following
criteria were met: fasting blood glucose>7.0 mmol/L, non-fasting blood
glucose >11.1 mmol/L, use of antidiabetic, or self-report of a physician
diagnosis. Smoking status was defined as current smokers versus no
current smokers. Kidney function was calculated using the Chronic
Kidney Disease Epidemiology Collaboration creatinine equation.

All-cause mortality and incidence
of heart failure
Data on all-cause mortality were received from the Dutch Central
Bureau for Statistics. Hospital charts of PREVEND participants were
checked in the two main hospitals in the city of Groningen. The files
were checked for the presence of HF at baseline (by checking signs,
symptoms and objective evidence of HF) and for new-onset HF based
on the guidelines of the European Society of Cardiology.15 In addi-
tion, the Dutch national registry of hospital discharge diagnoses (PRIS-
MANT, Utrecht, the Netherlands) was checked for any cardiovascu-
lar hospitalization. Cases who were identified as suspected HF were
examined by an endpoint adjudication committee consisting of seven ..
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.. independent experts in HF. In order to avoid selection bias, two dif-
ferent experts received anonymised clinical charts, hospitalization and
physician office records and validated each case. In case of disagree-
ment, a joint decision was made within the committee. Subjects’ files
were accessed after a permission given by the local Ethics Committees
of both hospitals. Further details about the evaluation process have
been published elsewhere.14

Statistical analysis
All analyses were performed using Stata version 16.0 and R version
4.0.3. As the current cohort enrolls subjects from the general popu-
lation, subjects at either end of the continuous spectrum of selenium
concentrations were considered as either high (>85 percentile) or low
(<15 percentile) in selenium. The main differences in characteristics
and events were expected to be observed in these groups, because
selenium concentrations that lead to optimization of SELENOP lev-
els (i.e. the main transporter of selenium in the circulation) and
thus exceed >123 μg/L,16 were relatively uncommon in this cohort.
The data were reported as mean± standard deviation (SD) for nor-
mally distributed variables, as median and interquartile range (IQR)
for non-normally distributed variables, and categorical variables were
reported as frequencies and percentages. To compare the baseline
characteristics, either one-way analysis of variance, Kruskal–Wallis, or
chi-squared test were used, where appropriate. Furthermore, we per-
formed a stepwise multivariable linear regression analysis to identify
the independent associates of selenium concentrations. The poten-
tial associating factors included all relevant variables from Table 1.
As a sensitivity analysis, we performed multivariable minimax concave
penalty-penalized regression. Our primary outcome is the compos-
ite endpoint of all-cause mortality and new incidence of HF, while
our secondary outcome is both endpoints separated. Cox propor-
tional hazards models were fitted to evaluate the hazards ratios (HRs)
of selenium status (i.e. as defined in Table 1 and where the middle
group, resembling the average majority of the population, was used
as a reference group) or concentrations (i.e. selenium as continuous
variable, reported as: per 10 μg/L increase) in association with these
endpoints. To assess whether selenium levels were associated with
new incidence of HF in particular, subjects with prevalent HF were
excluded from the analysis (n = 60), and a competing-risk regression
analysis was performed where death was considered as a compet-
ing risk. Meeting of proportionality assumptions was assessed using
the Grambsch–Therneau test. When <5% of the subjects were at
risk, the follow-up was truncated, which was at 9.4 years. Subjects
were censored at the last date of the follow-up or at the date when
they moved to an unknown destination. Three models were devel-
oped: a univariable model, a second model with the variables selected
based on the stepwise regression, and a third model that included
the associates of selenium concentrations (i.e. variables of the sec-
ond model) in addition to age in five categories (i.e. subjects in 30s,
40s, 50s, 60s and 70s) and systolic blood pressure. Only subjects
with non-missing measurements were included in the analyses (Sup-
plementary Table S1). To visualize the association between selenium
concentrations and the outcomes, we constructed restricted cubic
splines with four knots based on Harrell’s recommended percentiles.
Since the PREVEND cohort is known to have an overrepresentation
of participants with increased UAE, we applied a previously developed
statistical correction factor using a weighted Cox regression model.14

As such, the conclusions may be extended to the general popula-
tion, independent of microalbuminuria.14 Given a previously reported
interaction with smoking in relation to mortality17 and several studies

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 Baseline characteristics

Total Selenium p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

<15% 15%–85% >85%
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

No. patients 5973 895 4182 896
Selenium concentration (μg/L) 84.6 (19.5) 57.7 (6.9) 83.6 (9.6) 116.1 (18.4) <0.001

Selenium range 13.7–66.1 66.1–102.4 102.4–367.7
Demographics

Age (years) 53.6 (12.1) 53.4 (12.4) 53.4 (12.2) 54.7 (11.7) 0.010
Female sex 3103 (52.0%) 461 (51.5%) 2148 (51.4%) 494 (55.1%) 0.12
Body mass index (kg/m2) 26.7 (4.3) 26.8 (4.4) 26.6 (4.3) 26.7 (4.3) 0.36
Systolic blood pressure (mmHg) 126.0 (19.0) 126.1 (18.4) 125.8 (19.0) 126.7 (19.5) 0.42
Current smoker 1630 (27.5%) 300 (33.8%) 1157 (27.9%) 173 (19.5%) <0.001

History of myocardial infarction 386 (6.6%) 74 (8.4%) 254 (6.2%) 58 (6.5%) 0.054
History of diabetes 364 (6.2%) 50 (5.7%) 244 (5.9%) 70 (8.0%) 0.062
History of CVA 71 (1.2%) 11 (1.3%) 53 (1.3%) 7 (0.8%) 0.49
Use of antihypertensive medication 937 (15.8%) 141 (15.8%) 648 (15.6%) 148 (16.7%) 0.71

Laboratory values
Glucose (mmol/L) 5.0 (1.2) 5.0 (1.1) 5.0 (1.2) 5.1 (1.3) 0.020
Cholesterol (mmol/L) 5.4 (1.1) 5.3 (1.1) 5.4 (1.0) 5.7 (1.1) <0.001

eGFR (ml/min/1.73 m2) 91.8 (17.2) 91.1 (18.2) 92.1 (17.1) 90.7 (16.5) 0.042
Kidney function <60 ml/min/1.73 m2 247 (4.4%) 44 (5.4%) 164 (4.1%) 39 (4.5%) 0.27
Urine albumin excretion (mg/24 h) 8.1 (5.9–13.5) 8.2 (6.1–13.2) 8.0 (5.9–13.4) 8.3 (6.0–13.9) 0.21

Haemoglobin (mmol/L) 8.5 (0.8) 8.5 (0.8) 8.5 (0.7) 8.5 (0.7) 0.48
Anaemia 564 (9.5%) 111 (12.5%) 401 (9.6%) 52 (5.8%) <0.001

MCV (fL) 90.5 (4.6) 90.3 (5.0) 90.5 (4.6) 90.8 (4.4) 0.061

Haematocrit (v/v) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.29
Serum iron (μmol/L) 15.8 (5.6) 15.2 (5.8) 15.9 (5.6) 16.3 (5.6) <0.001

Transferrin (g/L) 2.6 (0.4) 2.6 (0.4) 2.6 (0.4) 2.6 (0.4) 0.014
Ferritin (μg/L) 96.0 (47.0–172.0) 86.0 (41.0–165.0) 97.0 (47.0–171.0) 104.0 (55.0–187.0) <0.001

Iron deficiency 856 (14.8%) 158 (18.2%) 604 (14.9%) 94 (10.9%) <0.001

hs-CRP (mg/L) 1.4 (0.6–3.0) 1.6 (0.7–3.5) 1.3 (0.6–3.1) 1.2 (0.6–2.5) <0.001

CVA, cerebrovascular accident; eGFR, estimated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; MCV, mean corpuscular volume.

that reported the effects of smoking on selenium concentrations,18,19

we evaluated the potential presence of statistical interaction between
selenium and smoking. We also tested for the interaction with sex
because of the already established sexual dimorphism known in sele-
nium metabolism.20 These were planned analyses. P-values <0.1 for the
interaction term were considered to be statistically significant, while a
p-value <0.05 was considered significant for other analyses.

Results
Baseline characteristics
Selenium was measured in 5973 subjects with a mean age of
53.6 (12.1) years. Fifty-two percent of total participants were
female and mean selenium level was 84.6 (19.5) μg/L. The upper and
lower 15% extremes included 896 and 895 subjects, respectively.
Compared to subjects in the lower extreme, participants with
high selenium status were likely to be older (54.7 [11.7] years vs.
53.4 [12.4], p = 0.010), have lower levels of C-reactive protein
(CRP) (1.2 [0.6–2.5] mg/L vs. 1.6 [0.7–3.5] mg/L, p< 0.001), but
higher levels of glucose (5.1 [1.3] mmol/L vs. 5.0 [1.1] mmol/L,
p< 0.001), and total cholesterol (5.7 (1.1) mmol/L vs. 5.3 [1.1] ..
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. mmol/L, p< 0.001). In addition, patients with higher selenium levels
had slightly lower kidney function (90.7 [16.5] mL/min vs. 91.1
[18.2] mL/min), but were less likely to have anemia (n = 52 [5.8%]
vs. n = 111 [12.5%]) or iron deficiency (n = 94 [10.9%] vs. n = 158
[18.2%]) (Table 1).

Independent associates of selenium levels
The stepwise analysis resulted in eight clinical associates of serum
selenium concentrations in this population. Current smoking, iron
deficiency, anemia, body mass index (BMI) and CRP were nega-
tively associated with selenium concentrations, while female sex,
cholesterol levels and glucose levels had a positive association with
selenium concentrations (Table 2). All of these independently asso-
ciated variables were also selected when using an alternative penal-
ized regression analysis (Supplementary Table S2).

Composite endpoint
During a median follow-up period of 8.4 (IQR 7.8–8.9) years,
529 subjects either died (n = 381) or developed HF (n = 194).

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 2 Associates of selenium levels

Selected associates Coefficient p-value 95% CI
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sex 1.65 0.004 0.51 to 2.78

Glucose (mmol/L) 0.94 <0.001 0.45 to 1.43

Anaemia (yes/no) −3.63 <0.001 −5.58 to −1.68

Body mass index (kg/m2) −0.18 0.011 −0.31 to −0.04

Cholesterol (mmol/L) 2.02 <0.001 1.50 to 2.54

Current smoker (yes/no) −4.11 <0.001 −5.34 to −2.89

Iron deficiency (yes/no) −3.03 <0.001 −4.69 to −1.38

hs-CRP (mg/L) −0.26 <0.001 −0.37 to −0.15

CI, confidence interval; hs-CRP, high-sensitivity C-reactive protein.
For sex variable, female was defined as 1.
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.. Of those who developed HF, 46 (24%) subjects died during the

follow-up. In almost all univariate and multivariate models, there is
a non-significant tendency to a lower HR of the composite end-
point in subjects with higher selenium levels. An exception to this
is the association between the composite endpoint and continuous
selenium levels after adjustment with the aforementioned asso-
ciates of selenium (i.e. model b) (HR 0.92, 95% confidence inter-
val [CI] 0.86–1.00, p = 0.043) (Table 3). In the univariate model,
there was a significant interaction with sex (p = 0.004) as well
as with smoking (p< 0.001). However, only the interaction with
smoking remained statistically significant after multivariate adjust-
ment (Table 3). The population subjects were stratified based on
their smoking status (Supplementary Table S3). For the non-smoker
population (n = 4288), continuous selenium concentrations signif-
icantly associated with the composite endpoint in the univariable

Table 3 Cox regression models for the prediction of the combined outcome, all-cause mortality and competing risk
regression models for the prediction of new-onset heart failure

Model total events Total (n = 529) Interaction
with smoking

Only non-smokers (n = 359) Only smokers (n = 165)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Composite outcome
Model a

Continuous selenium 0.407 0.96 0.87–1.06 <0.001 0.007 0.90 0.83–0.97 <0.001 1.13 1.07–1.18
Lowest 15% 0.055 1.38 0.99–1.93 0.171 1.33 0.88–2.01 0.462 1.25 0.69–2.27
Highest 15% 0.230 0.80 0.55–1.15 0.073 0.67 0.44–1.04 0.304 1.43 0.72–2.84

Model b
Continuous selenium 0.043 0.92 0.86–1.00 0.004 0.001 0.86 0.79–0.94 0.135 1.11 0.97–1.27
Lowest 15% 0.192 1.29 0.88–1.88 0.159 1.39 0.88–2.22 0.746 1.11 0.58–2.12
Highest 15% 0.056 0.67 0.44–1.01 0.013 0.53 0.33–0.87 0.734 1.15 0.52–2.51

Total (n = 381) Interaction
with smoking

Only non-smokers (n = 260) Only smokers (n = 118)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
All-cause mortality
Model a

Continuous selenium 0.807 0.99 0.88–1.11 <0.001 0.019 0.90 0.82–0.98 <0.001 1.15 1.09–1.21

Lowest 15% 0.106 1.39 0.93–2.07 0.230 1.35 0.83–2.18 0.424 1.35 0.65–2.81

Highest 15% 0.353 0.81 0.53–1.26 0.132 0.67 0.40–1.13 0.296 1.53 0.69–3.40
Model b

Continuous selenium 0.131 0.93 0.86–1.02 0.023 0.005 0.87 0.79–0.96 0.256 1.11 0.93–1.33
Lowest 15% 0.397 1.21 0.78–1.90 0.418 1.25 0.72–2.17 0.681 1.17 0.55–2.51

Highest 15% 0.085 0.66 0.41–1.06 0.033 0.54 0.31–0.95 0.914 1.05 0.42–2.61

Total (n = 194) Interaction
with smoking

Only non-smokers (n = 131) Only smokers (n = 61)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
New-onset heart failure
Model a

Continuous selenium 0.097 0.90 0.80–1.02 0.095 0.102 0.89 0.77–1.02 0.556 1.03 0.93–1.14
Lowest 15% 0.335 1.31 0.76–2.25 0.443 1.31 0.65–2.63 0.846 0.92 0.38–2.20
Highest 15% 0.276 0.71 0.38–1.32 0.274 0.68 0.34–1.36 0.871 0.90 0.24–3.30

Model b
Continuous selenium 0.108 0.90 0.79–1.02 0.015 0.017 0.82 0.69–0.96 0.252 1.10 0.94–1.29
Lowest 15% 0.320 1.38 0.73–2.58 0.133 1.78 0.84–3.78 0.610 0.76 0.26–2.21

Highest 15% 0.309 0.69 0.33–1.42 0.187 0.58 0.26–1.30 0.978 0.98 0.24–3.93

Model a is a univariate model. Model b included the following variables: sex, iron deficiency, anemia, body mass index, C-reactive protein, cholesterol, glucose, and current
smoking. Lowest 15% referred to the subjects with selenium levels <15% of the total population, while highest 15% referred to selenium levels >15% of the total population.
The middle group (i.e. the group with selenium levels 15%–85% of the total population) was used as reference group.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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model (HR 0.90, 95% CI 0.83–0.97, p = 0.007) as well as after
adjusting for the associates of selenium (i.e. model b) (HR 0.86,
95% CI 0.79–0.94, p = 0.001). Similarly, compared to the refer-
ence group (between 15%–85% of the population), high selenium
status (upper 15% of the population) was significantly associated
with reduced risk after adjusting for the associates of selenium (i.e.
model b) (HR 0.53, 95% CI 0.33–0.87, p = 0.013) (Table 3). These
associations remained significant after adjusting for age and systolic
blood pressure, next to the associates of selenium (Supplementary
Table S4).

In smokers, continuous selenium variable had opposite, but
non-significant, association with the composite outcome in the
multivariable model (HR 1.11, 95% CI 0.97–1.27, p = 0.135)
(Table 3).

When stratified based on sex, continuous selenium concentra-
tions were associated with more pronounced risk reduction in
males compared to females after adjusting for the variables of
model b (HR 0.89, 95% CI 0.81–0.99, p = 0.024 vs. HR 0.97, 95%
CI 0.86–1.10, p = 0.661) (Supplementary Table S5).

All-cause mortality and new-onset heart
failure
A total of 381 subjects died during the follow-up period and 194
subjects developed HF. As with the composite endpoint, no sig-
nificant associations were observed in the total population for
the secondary endpoints. However, a significant interaction with
smoking in association with all-cause mortality and incident HF
(p< 0.001 and p = 0.095, respectively) was observed (Table 3).
Compared to the middle group, non-smoker subjects with high
selenium status had a significantly reduced mortality risk in mul-
tivariate model (HR 0.54, 95% CI 0.31–0.95, p = 0.033). Similar
results were found with continuous selenium concentrations (HR
0.87, 95% CI 0.79–0.96, p = 0.005 in model b). With respect to
new-onset HF, continuous selenium concentrations were associ-
ated with lower risk of new-onset HF (HR 0.82, 95% CI 0.69–0.96,
p = 0.017 in model b) (Table 3). These results of both end-
points remained significant after adjusting for age and systolic blood
pressure (Supplementary Table S4). Furthermore, restricted cubic
splines showed that mainly subjects with selenium concentrations
>110 μg/L had reduced risk of death or of developing HF within
the duration of follow-up. In contrast, subjects with selenium lev-
els <75 μg/L showed to have increased risk (Figure 1). In strat-
ified analyses using the categorical variable (i.e. selenium status
as defined in Table 1), the differences between groups were not
significant. However, when directly comparing the high selenium
group with the low selenium group, non-smoker subjects with a
low selenium status had a significantly higher risk to develop HF in
the multivariable analysis (HR 3.06, 95% CI 1.13–8.31, p = 0.028
in model b) (Supplementary Table S6). Similar to the compos-
ite outcome, in smoker subjects, continuous selenium concentra-
tions associated with increased, but non-significant, risk of all-cause
mortality (HR 1.11, 95% CI 0.93–1.33, p = 0.256 in model b)
and new-onset HF (HR 1.10, 95% CI 0.94–1.29, p = 0.252 in
model b). ..
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.. Discussion
Studying a well-characterized cohort of the general population
of the Netherlands, we report significant associations between
selenium levels and components of the metabolic syndrome (i.e.
high BMI, high blood glucose levels) as well as significant asso-
ciations with anaemia, iron deficiency, inflammation (CRP) and
current smoking. We show that high selenium levels are indepen-
dently associated with a reduced risk for all-cause mortality and
new-onset HF in non-smokers with more pronounced risk reduc-
tion in male subjects (Figure 2). Smoking has been revealed to be
a major effect-modifier of the association of serum selenium con-
centrations with outcomes. These results indicate the relevance of
high selenium status to public health.

Selenium in the general population
The mean serum selenium concentration in our population was
84 (19.5) μg/L, which is close to the mean of several European as
well as several Asian countries,8 but at the same time it is likely
to be insufficient for optimal expression of selenoproteins.16 The
majority of the studied general populations has suboptimal sele-
nium levels (Figure 1). This is in contrast to the United States, where
the mean serum selenium concentrations exceed 130 μg/L.6,8

Our results showed more strong associations in male but not
female subjects (online supplementary Table S5). This could be
attributed to sexual dimorphism, where selenoproteins might
function differently in those subjects, although more translational
studies are needed in this regard.20 On the other hand, the
potential benefits cannot be excluded in female subjects because
high selenium status was significantly associated with reduced
mortality in female subjects in a large American cohort.21

Smoking
Several studies have reported significant lower serum selenium
concentrations in smokers.18,19 In addition, a statistical interac-
tion between selenium and smoking was reported in relation to
all-cause mortality.17 Moreover, a mechanistic interaction between
smoking and selenium is also very likely to occur as cigarettes con-
tain heavy metals that might have interactions with selenium. For
instance, cigarette smoking increases the inhalation of arsenic,22

an element that is known to chemically interact with selenium.23

Arsenic affects the synthesis and the expressions of selenopro-
teins, and it increases the elimination of selenium via the gastroin-
testinal tract.23 In addition to these antagonistic effects, synergetic
toxic effects of the interaction between selenium and arsenic have
been reported previously.23 Arsenic affects selenium metabolism
and may enhance the toxicity of selenium partially-methylated
forms by blocking processes related to their detoxification such
as methylation.23 These findings may explain partly the increased
HRs of selenium variables in smokers (Table 3). The type of inter-
action that may occur might be influenced by the selenium status
as high selenium status is associated with lower arsenic toxicity in
areas with high arsenic concentrations.24

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Restricted cubic splines of the association between selenium concentrations and the outcomes. (A) The association between and
selenium concentration and the composite endpoint. As can be observed in the figure, subjects with selenium concentrations >110 μg/L
had lower risk of mortality or new-onset HF, while those with selenium concentrations <75 μg/L had an increased risk. Of note, 110 μg/L
is the median selenium value of the group with high selenium status, while selenium concentrations <75 μg/L are considered in the range of
selenium deficiency. (B) The association between and selenium concentration and all-cause mortality. (C) The association between and selenium
concentration and new onset heart failure. These association has similar trend as with the composite endpoint.

Anaemia and iron deficiency
A higher incidence of anaemia and iron deficiency is observed in
patients with low selenium levels and may indicate a general lack of
a healthy and balanced diet. We previously showed that patients
suffering from HF, who also are iron-deficient, share multiple
characteristics with those with selenium deficiency.25 Selenium
might have a role in the regulation of genes involved in iron
metabolism26 and concurrent deficiencies of both elements might
exacerbate each other.27 As treatment with intravenous iron has
clear beneficial effects in HF, our current findings provide an extra
motive to investigate the effects of selenium supplementation in HF
treatment.

Glucose, cholesterol, body mass index
and C-reactive protein
Our results show that levels of glucose and total cholesterol are
higher in subjects with high selenium concentrations. Patients who ..
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.. received selenium supplementation in a replete population had
higher incidence of diabetes mellitus28; however, no differences
have been reported in randomized controlled trials in populations
with low selenium levels.29 Similarly, the effects of selenium on
cholesterol levels are inconclusive, although a recent meta-analysis
of 11 studies has shown marginal, but significant improvement
of total cholesterol levels.30 Since our findings contrast with the
results of interventional studies, it is likely that higher dietary
intake may explain the increased glucose and cholesterol levels with
higher selenium status in our cohort.

In addition to glucose, the association of low selenium levels with
higher BMI adds an extra component of metabolic syndrome as a
variable associated with selenium levels. This negative association
has been reported in a large Chinese cohort and is supported
by experimental studies.31 In addition, the association between
selenium and inflammatory markers (i.e. CRP) has been reported
extensively in the literature and modulating the immune response
might be one mechanism through which high selenium levels exert
their benefits.6
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All-cause mortality and new-onset heart
failure
We show that mortality risk is reduced if serum selenium concen-
trations are high, in a general population in a country with excel-
lent medical care, with a broad age spectrum, and with moderate
mean serum selenium levels. Our results with respect to mortality
risk are consistent with previous reports from a selenium-replete
population9 or elderly participants.10–12 We observed a signifi-
cant effect in non-smokers, which is in line with the finding that
selenoprotein P, the main transporter of serum selenium, was more
strongly associated with mortality in non-smokers in the Swedish
general population.19

We furthermore show that subjects with high selenium status
(upper 15% of the population) had a significantly reduced risk
of new incidence of HF. These results support the hypothesis
that sufficient selenium levels may afford protection against the
development of new-onset HF, as observed with respect to Keshan
disease.5–7 To our knowledge, this is the first prospective cohort
study that reports a significant association between selenium levels
and new-onset HF at a population level in areas other than endemic
areas of Keshan disease. We previously showed that patients
with HF and selenium deficiency have a worse prognosis and
decreased exercise capacity.4,25 Also, human cardiomyocytes that
were exposed to low selenium levels, had reduced mitochondrial
function and increased oxidative stress.4

Taken all together, our results show a significant association
between selenium levels and multiple health parameters (e.g. BMI,
CRP, anaemia, smoking, etc.). Independently of these health param-
eters, high selenium status (mean: 116.1 μg/L) was associated with
reduced risk for all-cause mortality and incidence of HF. Although
there is as yet no consensus about the definition of selenium
deficiency,6 these data provide additional evidence for the need
of selenium levels that lead to plateau level of selenoprotein P (i.e.
selenium levels >123 μg/L), especially as the current evidence indi-
cates decreased mortality rate around this range.

Strengths
This is the largest European cohort study with a relatively long
follow-up period that has evaluated the association between sele-
nium levels and the reported outcomes. This cohort includes rel-
atively varied ages (i.e. age-range of the participants 32–80 years)
and was not limited to the elderly. In addition, the incidence of
HF was evaluated strictly by a specialized HF committee. Selenium
was measured using a validated inductively coupled plasma mass
spectrometry method, which facilitates the comparison to other
studies as well as the interpretation of the levels clinically.

Limitations
Due to the observational nature of the study, causality cannot be
established. There were neither data about the dietary habits, nor
about the use of supplementation. In addition, the interpretations
of our findings should be limited to areas with low to moderate
selenium levels as there were only 178 subjects in this cohort with
optimal selenium levels (i.e. >123 μg/L). ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. Conclusion
In an adult population with moderate selenium levels, selenium
levels were associated with several health parameters, including
the incidence of anaemia, iron deficiency, current smoking, and
higher BMI and CRP. Furthermore, high selenium status was
independently associated with reduced risk of death and new-onset
HF in non-smoking subjects. Populations based-programmes and
interventional well-powered studies to evaluate the effects of
increasing selenium levels in countries with moderate levels are
warranted.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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