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Abstract
Purpose  Despite selenium’s beneficial effects in counteracting oxidative stress, inflammation, and vascular endothelial 
dysfunction, controversial results exist regarding the long-term associations between selenium and atherosclerosis, arterial 
stiffness, and hypertension. We investigated in normal and selenium-deficient groups (and the total group), whether serum 
selenium relates to measures of large artery structure and function over 10 years.
Methods  This longitudinal study included black adults from rural and urban areas in South Africa. Serum selenium and 
blood pressure were measured at baseline (N = 987). At follow-up, carotid intima media thickness (IMT), cross-sectional 
wall area (CSWA), carotid-femoral pulse wave velocity (c-fPWV), and blood pressure were measured (N = 718). Selenium 
deficiency was classified as serum levels < 8 µg/100 ml.
Results  In multivariable-adjusted regression analyses performed in the normal selenium group, c-fPWV after 10 years 
was negatively associated with baseline selenium (β = − 0.09; p = 0.016). In the normal selenium group, baseline (but not 
10 years) blood pressure also associated negatively with baseline selenium (β = − 0.09; p = 0.007). Both IMT (β = 0.12; 
p = 0.001) and CSWA (β = 0.10; p = 0.003) after 10 years associated positively with baseline selenium in the total, normal, 
and selenium-deficient groups.
Conclusion  We found a long-term vascular protective association of selenium on arterial stiffness and blood pressure in 
Africans with normal selenium levels, supporting the notion that selenium fulfills a vascular protective role. In contrast, we 
found a potential detrimental association between selenium and carotid wall thickness, particularly evident in individuals 
within the highest quartile of serum selenium.

Keywords  Carotid intima media thickness · Atherosclerosis · Pulse wave velocity · Arterial stiffness · Blood pressure · 
Micronutrient

Introduction

Rapid socio-economic development and urbanization as 
experienced by many black South Africans are associated 
with a nutrition transition [1]. These changes in dietary pat-
terns and nutrient intake reflect the move from traditional 
foods to more processed and convenient foods, and may be 
accompanied by micronutrient deficiencies [2]. This in turn 
is related to an increased prevalence of non-communicable 
diseases [2], such as hypertension and cardiovascular disease 
(CVD). It is well established that black populations have a 
higher prevalence of hypertension and, therefore, increased 
CVD incidence and mortality when compared to their white 
counterparts [3].

Selenium is an important dietary micronutrient present 
in various dietary sources including meat, Brazil nuts, 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0039​4-018-1875-y) contains 
supplementary material, which is available to authorized users.

 *	 Catharina M. C. Mels 
	 carina.mels@nwu.ac.za

1	 Hypertension in Africa Research Team (HART), North-
West University, Private Bag X1290, Potchefstroom 2522, 
South Africa

2	 Medical Research Council, Unit for Hypertension 
and Cardiovascular Disease, North-West University, 
Potchefstroom, South Africa

http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-018-1875-y&domain=pdf
https://doi.org/10.1007/s00394-018-1875-y


3314	 European Journal of Nutrition (2019) 58:3313–3323

1 3

intestines, seafood, cereals, cheese, and milk [4]. Apart from 
a high prevalence of CVDs, black populations also tend to 
have a high prevalence of selenium deficiency [5], which 
may be due to increased consumption of maize products—a 
poor source of selenium [6]. The functions of selenium range 
from antioxidative [7] to regulatory functions in processes 
such as the inflammatory response as well as proliferation 
and differentiation of immune cells [8, 9]. Selenium’s func-
tions are carried out by selenoproteins, including glutathione 
peroxidase (GPx) [10], which are present in the arterial wall 
[11].

Inconsistent results on the protective roles of selenium 
on CVD were found in randomized-controlled trials in 
a recent review [12]. Intervention studies indicated that 
selenium has a protective effect against the development 
of CVD [13, 14], including atherosclerotic CVD [12]. 
This was also seen in a recent cross-sectional study in 
white men, in which vascular protective associations 
with selenium and GPx were found [5]. Others reported 
that selenium deficiency may lead to increased blood 
pressure [15], arterial stiffness [5], and atherosclerosis 
[16]. In contrast, no significant effect of selenium on 
CVD mortality [17] and coronary heart disease [18] were 
indicated in two meta-analyses which included several 
randomized-controlled trials. However, it was found that 
selenium lowered inflammation and oxidative stress, 
thereby having a protective effect on coronary arteries 
[18].

Collectively, it is known that selenium exerts ben-
eficial effects on oxidative stress, inflammation, and 
endothelial dysfunction, but controversial results exist 
on the long-term associations of selenium on thickening 
of the carotid wall, the development of arterial stiffness, 
and increased blood pressure. We, therefore, investigated 
in normal and selenium-deficient adults as well as in the 
total group, whether serum selenium levels are related to 
measures of large artery structure [carotid intima media 
thickness (IMT) and cross-sectional wall area (CSWA)] 
and function (blood pressure and arterial stiffness) over 
10 years.

Materials and methods

Study design and participants

The international Prospective Urban and Rural Epidemi-
ology (PURE) study focuses on the societal determinants 
of non-communicable diseases in urban and rural areas in 
low-, middle-, and high-income countries [19]. This sub-
study is embedded in the South African leg of the PURE 
study and includes data collected at baseline (2005) and 

after 10 years (2015) in the North West Province, South 
Africa.

A total of N = 1265 participants of the N = 2010 who 
participated at baseline were included, based on the fol-
lowing criteria: (i) participants who took part in both 
the baseline and 10-year follow-up phase (N = 923); (ii) 
participants who passed away over the course of 10 years 
(N = 342). We excluded N = 277 participants with miss-
ing baseline and follow-up cardiovascular and/or missing 
baseline selenium data. A total of N = 987 participants 
(Fig. 1) were, therefore, analyzed in the baseline phase 
and N = 718 participants were analyzed in the follow-up 
phase. From the N = 718 participants, N = 81 participants 
were randomly selected to determine their serum sele-
nium levels at follow-up.

Experimental protocol

The detailed experimental protocol for data collection 
was previously described [20]. Briefly, all the participants 
were fully informed about the protocol of the study, and 
all gave written informed consent. The study fulfilled the 
requirements as stated in the Declaration of Helsinki for 

Included 2005
N=988

Excluded:
Selenium Outlier N=1

Included 2005
N=987

Excluded:
Missing data N=277

1. No serum samples for selenium 
analyses (N=68)

2. No baseline inflammatory 
markers (CRP, N=81; IL-6, 
N=119)

3. No baseline blood pressure 
measures (N=9)

Baseline 2005:
N= 2010

Lost to follow-up 
(10 years)

N=1087

Included:
1. Participants retained for 10 years (N=923)
2. Deceased participants (N=342)

Followed 2015
N=718

Fig. 1   Layout of the sub-study
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investigation in human participants and was approved by 
the Health Research Ethics Committee of the North-West 
University.

Anthropometric measurements

Weight and height were taken in triplicate with calibrated 
instruments by trained anthropometrists and body mass 
index (BMI) was calculated.

Questionnaires

Demographic, socio-economic, and lifestyle information 
were obtained by trained field workers. The adapted BAE-
CKE questionnaire was used to determine the physical activ-
ity index [21].

Cardiovascular measurements

Blood pressure measurements were conducted, while the 
participants were seated upright with the right arm sup-
ported at heart level (in duplicate, 5-min apart). Brachial 
systolic blood pressure (SBP) and diastolic blood pressure 
(DBP) were measured with a validated OMRON device 
(Omron Healthcare, Kyoto, Japan) at baseline and follow-
up. According to International and South African Guidelines 
[22], hypertension was classified as SBP ≥ 140 and/or DBP 
≥ 90 mmHg or use of anti-hypertensive medication. Pulse 
pressure (PP) was calculated as the difference between SBP 
and DBP. Mean arterial pressure (MAP) was calculated as 
MAP = DBP + (PP/3).

The SphygmoCor XCEL device (AtCor Medical Pty. Ltd., 
Sydney, New South Wales, Australia) was used to determine 
carotid-femoral pulse wave velocity (c-fPWV) at follow-up. 
The participant was in the supine position, and of the dupli-
cate readings, the second reading was used for analysis. The 
distances between the pulsated sites were measured using an 
infantometer, and 80% of these distances were used as the 
pulse wave traveled distance [23].

The SonoSite Micromaxx ultrasound system (SonoSite, 
Inc., Bothell, WA, USA), with a 6–13-MHz linear array 
transducer was used to obtain the IMT according to the 
Mannheim Consensus [24]. Images from at least two opti-
mal angles of the left and right common carotid arteries 
were obtained. The measurements were done on a selected 
segment of maximum 10 mm with good image quality. It 
was performed by a single reader using a semi-automated 
program, namely the Artery Measurement Systems (AMS) 
II v1.139 (Chalmers University of Technology, Gothenburg, 

Sweden) to determine intima media thickness of the far wall 
(IMTf) and near wall (IMTn). The CSWA was calculated to 
confirm structural changes in luminal diameter: CSWA = π(
d/2 + CIMT)2 − π(d/2)2, where d denotes the luminal diam-
eter [25].

Biochemical analyses

Blood samples (90 mL in 2005, and 30 mL in 2010 and 
2015) from fasting participants were obtained from bra-
chial antecubital vein branches with a sterile-winged infu-
sion set. Samples were prepared according to standard 
procedures. Blood collection took place from 7:00 a.m. 
to 11:00 a.m. All samples were stored at − 80 °C until 
biochemical analyses were performed. In the rural areas, 
the blood samples were frozen at − 18 °C for no longer 
than 5 days and then stored in the laboratory at − 80 °C 
until biochemical analyses were performed. Samples were 
centrifuged at 2000 × g for 15 min at 10 °C within 30 min 
after collection. For blood lipids [total cholesterol (TC), 
high-density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C) and triglycerides], gamma 
glutamyl transferase (GGT), and C-reactive protein (CRP), 
tubes not containing anti-coagulants were used. For plasma 
glucose, sodium fluoride tubes were used.

Serum selenium levels were analyzed with an inductively 
coupled plasma mass spectrometry (ICP-MS) method and 
serum selenium deficiency was classified as selenium lev-
els < 8 µg/100 ml [26]. Glucose levels were determined in 
sodium fluoride plasma samples with the Vitros DT6011 
Chemistry Analyzer (Ortho-Clinical Diagnostics, Rochester, 
New York, USA) in 2005 and a Cobas Integra 400 plus ana-
lyzer (Roche, Basel, Switzerland) in 2015. Gamma glutamyl 
transferase and the lipid profile including TC, LDL-C, HDL-
C, and triglycerides as well as high sensitivity CRP were 
determined in serum with a Konelab20i™ auto-analyzer, 
(Thermo Fisher Scientific, Vantaa, Finland) in 2005 and a 
Cobas Integra 400 plus (Roche, Basel, Switzerland) in 2015. 
Both the intra-assay coefficient and inter-assay coefficient of 
variation were < 10%.

Statistical analyses

Statistical analyses were performed with Statistica 13.3 
(TIBCO Software, Palo Alto, California, USA). Aligned 
with the objective of the study, we divided the popula-
tion group into selenium-deficient and normal selenium 
groups. Data were expressed as arithmetic mean and 
standard deviation for normally distributed variables. 
Variables with a non-Gaussian distribution (glucose, 
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triglycerides, CRP, GGT, c-fPWV, IMTf, IMTn, and 
CSWA) were logarithmically transformed and the cen-
tral tendency and spread represented by the geometric 
mean and the 5th and 95th percentile intervals. Means and 
proportions were compared between the normal selenium 
group and the selenium-deficient group, using independ-
ent t tests and Chi-square tests, respectively. We used the 
analyses of covariance (ANCOVAs) to compare cardio-
vascular measurements (at 10-year follow-up) including 
SBP, c-fPWV, IMT, and CSWA by quartiles of baseline 
selenium levels, while adjusting for age and sex, and SBP 
were additionally adjusted for baseline SBP. The c-fPWV, 
IMT, and CSWA were additionally adjusted for MAP.

We further performed multivariable adjusted regres-
sion analyses to determine the associations of cardio-
vascular measurements with selenium. The models were 
compiled with either follow-up SBP, c-fPWV, IMT, or 
CSWA as dependent variables, and baseline selenium as 
the main independent variable. The following covariates 
were considered for entry into the models: baseline age, 
sex, BMI, waist circumference, self-reported smoking, 
GGT, self-reported alcohol use, glucose, glycated hemo-
globin, physical activity index, CRP, total cholesterol, 
HDL-C, LDL-C, and triglycerides. Based on the litera-
ture [27, 28] and bivariate correlations between poten-
tial covariates and the dependent and main independent 
variables, we selected the covariates to be included in 
multivariate regression analyses. We also tested for mul-
ticollinearity using the variance inflation factor (VIF) 
and the tolerance value was above 0.1, indicating no mul-
ticollinearity. The following covariates were entered into 
the final models: age, sex, BMI, self-reported smoking, 
physical activity index, GGT, CRP, glucose, and LDL-
C. In models where c-fPWV, IMT, and CSWA were the 
dependent variables, we additionally entered MAP at 
follow-up as a covariate.

Results

The baseline and follow-up characteristics, stratified 
according to baseline selenium levels, are shown in 
Table  1. Participants with selenium deficiency were 
younger, and had lower BMI, but higher GGT (p = 0.005) 
and CRP levels (p < 0.001) and reported to use more 
tobacco (p < 0.001) when compared to those with nor-
mal selenium levels at baseline. Mean selenium levels of 
the normal selenium group were 12.7 ± 3.41 µg/100 ml 
compared to the selenium-deficient group with 
6.12 ± 1.67 µg/100 ml (p < 0.001). After 10 years, the 
selenium levels (done in a randomly selected subgroup) 
of the selenium-deficient group restored to normal lev-
els, and there was no difference between selenium levels 

of the baseline normal selenium and selenium-deficient 
groups. At follow-up, the group with selenium deficiency 
at baseline reported higher alcohol use (p = 0.023), but 
displayed lower total cholesterol (p = 0.025) and LDL-C 
(p = 0.041) compared to the normal selenium group. No 
differences in the cardiovascular profile were observed 
at both baseline and follow-up, when comparing the nor-
mal selenium group with the selenium-deficient group. 
Deceased participants (N = 217) had significantly lower 
baseline selenium levels (p < 0.001) compared to those 
who survived over 10 years (Supplementary Table 1).

We investigated SBP, c-fPWV, IMT, and CSWA at fol-
low-up by quartiles of baseline selenium levels while adjust-
ing for baseline values of age and sex as well as follow-up 
MAP and baseline SBP (Fig. 2). A positive trend for IMT (p 
trend = 0.004) and CSWA (p trend = 0.033) with increasing 
baseline selenium quartiles was found. However, we found 
no trends for SBP (p = 0.745) and c-fPWV (p = 0.332) with 
increasing baseline selenium quartiles.

Using multivariable-adjusted regression analyses, we 
reviewed, in the total group, associations of 10-year fol-
low-up cardiovascular measurements (SBP, c-fPWV, IMT, 
CSWA) with baseline selenium (Table  2). We found a 
positive association between IMT and selenium (β = 0.12; 
p = 0.001) as well as between CSWA and selenium (β = 0.10; 
p = 0.003).

When dividing the total group into normal and sele-
nium-deficient groups at baseline (Table 3), we confirmed 
the positive associations between IMT and selenium in the 
normal (β = 0.12; p = 0.003) and selenium-deficient groups 
(β = 0.23; p = 0.034). A positive association was also found 
between CSWA and selenium in the normal selenium group 
(β = 0.10; p = 0.006), but not in the selenium-deficient group. 
In addition, a negative association between c-fPWV and 
selenium (β = − 0.09; p = 0.016) was evident in the normal 
selenium group, but not in the selenium-deficient group 
(β = 0.03; p = 0.78).

Supplementary Table  2 shows the associations 
between SBP and baseline selenium. We reviewed cross-
sectional analyses using baseline SBP, and longitudinal 
associations between follow-up SBP and baseline sele-
nium. We found a negative association between baseline 
SBP and selenium only in the normal selenium group 
(β = − 0.08; p = 0.007), with no associations with SBP 
(p = 0.44) at follow-up.

Sensitivity analyses

When excluding HIV infected participants (N = 210) at 
baseline and follow-up, the results remained mostly the 
same, except for the positive association between IMT 
and selenium in the selenium-deficient group (N = 118) 
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which was now borderline significant (β  = 0.24; 
p = 0.051). We also excluded participants with diabetes at 
baseline (N = 165) and follow-up (N = 174); however, our 
main results were still significant. We also added hyper-
tension status of participants at baseline and follow-up 

as covariates into the multiple regression model and our 
main results remained significant, exept for the positive 
association of IMT with selenium (β = 0.22; p = 0.17) 
and the inverse assocation of cfPWV with selenium in 
the normal selenium group (β = –0.09; p = 0.11).

Table 1   Characteristics of the study population at baseline and after 10 years, stratified according to normal and deficient baseline selenium lev-
els

Data are expressed as arithmetic mean ± standard deviation, geometric mean (5th and 95th percentile boundaries) or % of N. p values for com-
parison between groups were obtained with independent t tests and Chi-square tests
a Adjusted for mean arterial pressure
b Selenium data in 2015 available for N = 81
c Selenium deficiency at baseline < 8 µg/100 ml. Values in bold indicate statistical significance (p < 0.05)

Baseline (N = 987) 10 year follow-up (N = 718)

Normal Se Se deficientc p values Normal Se Se deficient p values

N 845 142 637 81
Sex [women, (%)] 546 (64.6) 82 (57.8) 0.115 438 (68.8) 52 (64.2) 0.406
Age (years) 50.7 ± 10.2 48.8 ± 9.58 0.042 59.1 ± 9.15 56.4 ± 8.26 0.014
Anthropometric measures
 Height (m) 1.60 ± 0.08 1.61 ± 0.09 0.244 1.59 ± 0.08 1.60 ± 0.09 0.360
 Body mass (kg) 62.7 ± 16.2 60.4 ± 18.0 0.137 65.3 ± 17.4 66.2 ± 20.7 0.699
 Body mass index (kg/m2) 25.6 ± 6.77 23.4 ± 7.05 0.057 25.9 ± 7.10 25.8 ± 7.76 0.966

Cardiovascular measures
 Systolic blood pressure (mmHg) 133 ± 24.6 132 ± 24.7 0.560 134 ± 25.7 134 ± 25.7 0.989
 Diastolic blood pressure (mmHg) 87.7 ± 14.6 87.6 ± 14.3 0.965 85.5 ± 13.6 86.4 ± 13.2 0.613
 Mean arterial pressure (mmHg) 103 ± 17.0 102 ± 17.2 0.780 102 ± 16.6 102 ± 16.4 0.793
 Pulse pressure (mmHg) 45.7 ± 15.4 44.4 ± 14.4 0.370 48.3 ± 16.7 47.5 ± 17.4 0.700
 c-fPulse wave velocity (m/s)a – – – 8.61 ± 0.08 8.55 ± 0.08 0.776
 Intima media thickness near wall (mm)a – – – 0.65 ± 0.09 0.62 ± 0.09 0.071
 Intima thickness far wall (mm)a – – – 0.65 ± 0.08 0.64 ± 0.08 0.221
 Cross-sectional wall area (mm2)a – – – 13.3 ± 0.11 13.0 ± 0.11 0.392

Biochemical variables
 Selenium (µg/100 ml)b 12.7 ± 3.41 6.12 ± 1.67 < 0.001 17.5 ± 5.23 18.7 ± 7.31 0.567
 Glucose (mmol/l) 4.86 (3.50; 6.70) 4.78 (3.70; 6.30) 0.363 5.32 (4.05; 7.74) 5.21 (3.84; 9.82) 0.523
 C-reactive protein (mg/l) 3.16 (0.28; 37.8) 5.06 (0.43; 51.9) 0.001 3.44 (0.43; 33.9) 3.65 (0.19; 43.8) 0.712
 Total cholesterol (mmol/l) 5.04 ± 1.34 4.85 ± 1.43 0.122 4.62 ± 1.14 4.30 ± 1.17 0.025
 High-density lipoprotein cholesterol (mmol/l) 1.52 ± 0.63 1.47 ± 0.66 0.340 1.39 ± 0.57 1.34 ± 0.54 0.484
 Low-density lipoprotein cholesterol (mmol/l) 2.94 ± 1.15 2.79 ± 1.15 0.162 2.63 ± 1.02 2.37 ± 1.4 0.041
 Triglycerides (mmol/l) 1.13 (0.54; 2.88) 1.18 (0.58; 2.67) 0.404 1.14 (0.54; 2.77) 1.14 (0.55; 2.72) 0.991

Lifestyle and medication use
 Physical activity index 7.30 ± 1.77 7.15 ± 1.83 0.368 5.08 ± 1.76 4.83 ± 1.65 0.224
 γ-Glutamyl transferase (U/l) 56.4 (19.8; 344) 70.6 (21.2; 442) 0.005 37.8 (11.6; 212) 41.9 (12.3; 369) 0.354
 Alcohol use, n (%) 364 (43.3) 67 (47.9) 0.313 183 (29.2) 33 (41.8) 0.023
 Tobacco use, n (%) 448 (53.1) 90 (63.8) 0.018 237 (37.7) 38 (48.1) 0.075
 HIV infected, n (%) 142 (16.8) 19 (13.4) 0.302 118 (18.6) 12 (14.8) 0.411
 Hypertension medication, n (%) 149 (17.6) 22 (15.5) 0.533 187 (29.9) 21 (26.9) 0.585
 Hypertensive status, n (%) 452 (53.5) 74 (52.1) 0.761 377 (59.2) 55 (67.9) 0.131
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Discussion

High exposure to selenium has been linked to possible 
adverse cardiometabolic effects including hyperlipidemia 
[29] and diabetes [30]. From the literature, it is evident 
that “further epidemiological studies and randomized 
clinical trials across populations with different selenium 
status should be conducted to determine the causal effect 
of selenium on cardiovascular disease and risk factors” 
[31]. Therefore, in this longitudinal study, which included 
a black population from urban and rural areas of the 
North West Province of South Africa, we investigated 
whether serum selenium relates to large artery structure 
(IMT and CSWA) and function (blood pressure and arte-
rial stiffness) over 10 years. We found consistent positive 
independent associations of selenium with carotid wall 
thickness. We also found a protective inverse associa-
tion of selenium with arterial function (blood pressure 
and c-fPWV), but only in Africans with normal selenium 
levels—where 14% of our population presented with sele-
nium deficiency.

The positive association between carotid wall thick-
ness and selenium after 10 years is in contrast with most 
other studies, which found selenium to be protectively 
associated against thickening of the intima media [16, 
32–34]. One study failed to link selenium (measured 
in toenails) with the measures of subclinical athero-
sclerosis [35]. It is noteworthy to mention that, in our 
multivariable-adjusted regression model, along with 
serum selenium, other pro-atherogenic factors such as 
age, inflammation (CRP) and LDL-C [36, 37] were also 
independently associated with carotid wall thickness—
laying credence to our selenium finding. To the best of 
our knowledge, only one study reported findings which 

support our findings [38]. In this study, the effect of sele-
nium on histopathological changes in an animal model of 
cockerel was investigated, and it was found that optimal 
selenium levels induced atherogenesis via inflammation 
and smooth muscle proliferation in the media of blood 
vessels [38]. In our study, IMT and CSWA values were 
the highest in the fourth selenium quartile (Fig. 2), with 
a mean selenium level of 16.96 µg/100 ml. However, a 
narrow selenium range of 5.5–14.5 µg/100 ml is known 
to have significant protective benefits against CVD [39] 
and some studies indicated that increased selenium intake 
in people with adequate-to-high selenium status may 
lead to adverse effects [40]. Selenium supplementation 
is, therefore, known to only benefit those with low sele-
nium levels [40]. This corresponds well with the previous 
reviews, concluding that there is a U-shaped relationship 
between selenium and CVD [31, 40, 41].

However, since our study population did not have 
extremely high selenium levels, it may also be possi-
ble that genetic single-nucleotide polymorphisms (SNP) 
of selenoproteins such as GPx may in part explain our 
finding. It was previously found that specific SNPs may 
influence selenium’s metabolism and utilization and 
thereby the synthesis of selenoproteins and the responses 
to environmental stressors [42]. A common polymor-
phism of the GPx1 gene which is known as Pro198Leu, 
was previously linked to increased risk of CVD includ-
ing increased IMT [43] and coronary artery calcification 
[44]. This may suggest that these SNPs may demolish 
the vascular protective effects of selenium; however, the 
prevalence of this polymorphism in our population is 
unknown. Nutrigenetics [45] may also have an influence 
on the selenium distribution in the body; however, we 
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Fig. 2   Quartiles of baseline selenium levels plotted against 10  year 
follow-up systolic blood pressure (SBP), pulse wave velocity (PWV), 
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between quartile 1 and 4 (p < 0.05). Spread represents standard error
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Table 2   Multiple regression analyses with 10-year follow-up cardiovascular measures as dependent variables and baseline serum selenium, in 
the total group (N = 690)

Systolic blood pressure (mmHg)

Adjusted R2 = 0.09; p < 0.001

β value (95% Cl) p value

Selenium (µg/100 ml) − 0.03 (− 0.10; 0.04) 0.418
Age (years) 0.25 (0.18; 0.33) < 0.001
Sex (male/female) 0.11 (0.03; 0.19) 0.007
Body mass index (kg/m2) 0.10 (0.01; 0.19) 0.026
Physical activity index 0.16 (0.09; 0.24) < 0.001
Tobacco use 0.01 (− 0.07; 0.08) 0.867
γ-Glutamyl transferase (U/l) 0.10 (0.02; 0.17) 0.013
Glucose (mmol/l) 0.05 (− 0.02; 0.13) 0.155
C-reactive protein (mg/l) − 0.001 (− 0.08; 0.07) 0.969
Low-density lipoprotein cholesterol (mmol/l) − 0.06 (− 0.13; 0.02) 0.134

Pulse wave velocity (m/s)a

Adjusted R2 = 0.29; p < 0.001

β value (95% Cl) p value

Selenium (µg/100 ml) − 0.05 (− 0.12; 0.02) 0.163
Age (years) 0.23 (0.16; 0.30) < 0.001
Sex (male/female) 0.09 (0.01: 0.17) 0.024
Body mass index (kg/m2) − 0.08 (− 0.16; 0.01) 0.067
Physical activity index − 0.03 (− 0.10; 0.05) 0.461
Tobacco use 0.02 (− 0.05; 0.09) 0.562
γ-Glutamyl transferase (U/l) 0.15 (0.08; 0.23) < 0.001
Glucose (mmol/l) 0.09 (0.02; 0.16) 0.015
C-reactive protein (mg/l) 0.06 (− 0.01; 0.14) 0.079
Low-density lipoprotein cholesterol (mmol/l) − 0.06 (− 0.13; 0.01) 0.112
Mean arterial pressure (mmHg) 0.36 (0.29; 0.43) < 0.001

Intima media thickness (mm)a

Adjusted R2 = 0.19; p < 0.001

β value (95% Cl) p value

Selenium (µg/100 ml) 0.12 (0.05; 0.19) 0.001
Age (years) 0.32 (0.25; 0.40) < 0.001
Sex (male/female) 0.06 (− 0.02; 0.14) 0.123
Body mass index (kg/m2) 0.01 (− 0.08; 0.09) 0.864
Physical activity index 0.12 (0.04; 0.19) 0.002
Tobacco use 0.02 (− 0.05; 0.10) 0.550
γ-Glutamyl transferase (U/l) − 0.02 (− 0.09; 0.05) 0.587
Glucose (mmol/l) 0.01 (− 0.06; 0.08) 0.765
C-reactive protein (mg/l) 0.10 (0.03; 0.17) 0.008
Low-density lipoprotein cholesterol (mmol/l) 0.12 (0.05; 0.20) 0.001
Mean arterial pressure (mmHg) 0.13 (0.06; 0.20) < 0.001

Cross-sectional wall area (mm2)a

Adjusted R2 = 0.23; p < 0.001

β value (95% Cl) p value

Selenium (µg/100 ml) 0.10 (0.04; 0.17) 0.003
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were unable to investigate this due to unavailability of 
data on genetic factors in our population.

Notwithstanding our finding of a potential detrimen-
tal association of selenium on carotid wall thickening, 
we also found a beneficial association of selenium with 
arterial stiffness over 10 years and baseline blood pres-
sure, only in the normal selenium group. This finding is 
well aligned with the previous studies which indicated 
protective associations of selenium on arterial function 
[5, 46]. Apart from selenium, we also found independent 
associations of other risk factors for CVD such as age 
[47], GGT [48], and glucose [49] to be independently 
associated with arterial function. In spontaneous hyper-
tensive rats, increased selenium intake showed protective 
effects on degenerative changes and elastin degradation 
in the vessel walls, suggesting that selenium deficiency 
may lead to severe degenerative changes in the vessel 
walls [50]. In addition, we previously found a protective 
association between GPx activity and arterial stiffness in 
white men (aged 20–65 years) [5], although this associa-
tion was not directly with selenium, selenium performs 
its roles via the expression of selenoproteins such as GPx 
[51]. We also previously found an independent protective 
association between 24-h blood pressure and selenium 
[5]. However, the other studies conducted on participants 
older than 50 years of age found no beneficial effect of 
antioxidant intake on arterial stiffness, carotid athero-
sclerosis [52], or blood pressure [53]. Notably, in the 
14% of our population studied with selenium deficiency, 
the beneficial association with arterial stiffness was also 
absent.

The results of this study should be interpreted within 
the context of its strengths and limitations. This was a 
well-controlled 10-year prospective study performed 
in an understudied black population. The limitations 
included a lack of dietary data to relate dietary selenium 
intake with serum selenium levels and cardiovascular 
measures. From a physiological viewpoint, serum sele-
nium is a more accurate estimate of current selenium 
status than dietary intake data. Furthermore, c-fPWV and 
IMT data were not collected at baseline and no data were 
available on selenoproteins such as GPx, in this study 
population. While the results from this study were con-
sistent after multiple adjustments, residual confounding 
cannot be excluded due to unknown factors associated 
with selenium, c-fPWV, IMT, CSWA, and blood pres-
sure. The participants of this study were recruited from 
the North West Province and cannot be seen as repre-
sentative of the entire South African population.

Conclusion

We found a potential detrimental association between 
selenium and carotid wall thickening, particularly evi-
dent in individuals within the highest quartile of serum 
selenium levels. We also found long-term protective 
associations of serum selenium with arterial stiffness 
and blood pressure in Africans with normal selenium 
levels, thereby supporting the notion that selenium ful-
fills a vascular protective role.

The main independent variables included in the models were baseline selenium, and other baseline covariates included age, sex, body mass 
index, physical activity index, C-reactive protein, y-glutamyl transferase, glucose, tobacco use, and low-density lipoprotein cholesterol
a Additionally adjusted for follow-up mean arterial pressure. Values in bold indicate statistical significance (p < 0.05)

Table 2   (continued)

Cross-sectional wall area (mm2)a

Adjusted R2 = 0.23; p < 0.001

β value (95% Cl) p value

Age (years) 0.32 (0.25; 0.39) < 0.001
Sex (male/female) 0.14 (0.06; 0.22) < 0.001
Body mass index (kg/m2) 0.04 (− 0.04; 0.12) 0.319
Physical activity index 0.09 (0.02; 0.17) 0.010
Tobacco use 0.06 (− 0.01; 0.14) 0.086
γ-Glutamyl transferase (U/l) 0.03 (− 0.04; 0.10) 0.410
Glucose (mmol/l) 0.03 (− 0.04; 0.10) 0.398
C-reactive protein (mg/l) 0.05 (− 0.02; 0.12) 0.199
Low-density lipoprotein cholesterol (mmol/l) 0.09 (0.01; 0.16) 0.018
Mean arterial pressure (mmHg) 0.22 (0.15; 0.29) < 0.001
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Table 3   Multiple regression analyses in the normal and selenium-deficient groups with 10-year follow-up cardiovascular measures as dependent 
variables

The main independent variables included in the models were baseline selenium, and other baseline covariates included age, sex, body mass 
index, physical activity index, C-reactive protein, γ-glutamyl transferase, glucose, tobacco use, and low-density lipoprotein cholesterol
a Additionally adjusted for follow-up mean arterial pressure. Values in bold indicate statistical significance (p < 0.05)
b Selenium deficiency at baseline < 8 µg/100 ml

c-fPulse wave velocity (m/s)a

Normal Se (N = 637) Se deficient (N = 81)b

Adjusted R2 = 0.27; p < 0.001 Adjusted R2 = 0.42; p < 0.001

β value (95% Cl) p value β value (95% Cl) p value

Selenium (µg/100 ml) − 0.09 (− 0.17; − 0.02) 0.016 0.03 (− 0.17; 0.22) 0.775
Age (years) 0.22 (0.14; 0.30) < 0.001 0.28 (0.08; 0.48) 0.008
Sex (male/female) 0.09 (0.003; 0.17) 0.042 0.09 (− 0.14; 0.32) 0.458
Body mass index (kg/m2) − 0.08 (− 0.17; 0.01) 0.092 − 0.15 (− 0.38; 0.08) 0.198
Physical activity index − 0.02 (− 0.09; 0.06) 0.693 − 0.01 (− 0.22; 0.19) 0.891
Tobacco use 0.001 (− 0.08; 0.08) 0.986 0.17 (− 0.04; 0.37) 0.113
γ-Glutamyl transferase (U/l) 0.16 (0.08; 0.23) < 0.001 0.11 (− 0.10; 0.32) 0.301
Glucose (mmol/l) 0.09 (0.01; 0.17) 0.021 0.13 (− 0.07; 0.33) 0.197
C-reactive protein (mg/l) 0.08 (− 0.001; 0.15) 0.054 0.05 (− 0.14; 0.24) 0.588
Low-density lipoprotein cholesterol (mmol/l) − 0.05 (− 0.13; 0.03) 0.216 − 0.18 (− 0.38; 0.03) 0.097
Mean arterial pressure (mmHg) 0.35 (0.27; 0.42) < 0.001 0.39 (0.18; 0.60) 0.001

Intima media thickness (mm)a

Adjusted R2 = 0.18; p < 0.001 Adjusted R2 = 0.23; p = 0.003

β value (95% Cl) p value β value (95% Cl) p value

Selenium (µg/100 ml) 0.12 (0.04; 0.19) 0.003 0.23 (0.02; 0.44) 0.034
Age (years) 0.33 (0.26; 0.41) < 0.001 0.21 (− 0.01; 0.42) 0.061
Sex (male/female) 0.04 (− 0.04; 0.12) 0.314 0.16 (− 0.09; 0.41) 0.207
Body mass index (kg/m2) 0.02 (− 0.07; 0.11) 0.677 − 0.03 (− 0.27; 0.22) 0.833
Physical activity index 0.13 (0.05; 0.21) 0.001 0.03 (− 0.19: 0.25) 0.789
Tobacco use 0.01 (− 0.07; 0.09) 0.857 0.15 (− 0.06; 0.37) 0.173
γ-Glutamyl transferase (U/l) − 0.02 (− 0.10; 0.06) 0.615 − 0.11 (− 0.33: 0.11) 0.324
Glucose (mmol/l) 0.01 (− 0.07; 0.08) 0.889 0.08 (− 0.14; 0.29) 0.473
C-reactive protein (mg/l) 0.08 (0.01; 0.16) 0.034 0.16 (− 0.05; 0.36) 0.137
Low-density lipoprotein cholesterol (mmol/l) 0.13 (0.05; 0.20) 0.001 0.07 (− 0.15; 0.29) 0.518
Mean arterial pressure (mmHg) 0.11 (0.04; 0.19) 0.004 0.32 (0.09; 0.54) 0.007

Cross-sectional wall area (mm2)a

Adjusted R2 = 0.22; p < 0.001 Adjusted R2 = 0.25; p = 0.001

β value (95% Cl) p value β value (95% Cl) p value

Selenium (µg/100 ml) 0.10 (0.03; 0.18) 0.006 0.21 (0.001; 0.42) 0.053
Age (years) 0.34 (0.26; 0.41) < 0.001 0.13 (− 0.08; 0.34) 0.232
Sex (male/female) 0.11 (0.03; 0.19) 0.006 0.30 (0.05; 0.54) 0.020
Body mass index (kg/m2) 0.04 (− 0.05; 0.13) 0.384 0.07 (− 0.17; 0.31) 0.580
Physical activity index 0.11 (0.03; 0.18) 0.007 0.0005 (− 0.22; 0.22) 0.997
Tobacco use 0.06 (− 0.02; 0.14) 0.133 0.09 (− 0.13; 0.30) 0.425
γ-Glutamyl transferase (U/l) 0.02 (− 0.05; 0.10) 0.552 − 0.004 (− 0.22; 0.21) 0.969
Glucose (mmol/l) 0.04 (− 0.04; 0.11) 0.345 0.01 (− 0.21; 0.22) 0.954
C-reactive protein (mg/l) 0.04 (− 0.04; 0.12) 0.304 0.07 (− 0.13; 0.27) 0.484
Low-density lipoprotein cholesterol (mmol/l) 0.09 (0.02; 0.17) 0.016 0.02 (− 0.20; 0.23) 0.872
Mean arterial pressure (mmHg) 0.20 (0.13; 0.27) < 0.001 0.36 (0.14; 0.58) 0.002



3322	 European Journal of Nutrition (2019) 58:3313–3323

1 3

Acknowledgements  We would like to thank all the participants, stu-
dents, and supporting staff of the PURE study and particularly: (1) 
PURE-SA research team, field workers, and office staff at the North-
West University, South Africa. (2) PURE-International: The PURE 
project office staff at the Population Health Research Institute (PHRI), 
Hamilton Health Sciences, and McMaster University, ON, Canada.

Author contributions  RS was responsible for the planning, writing, 
and composition of the manuscript as well as the statistical analyses. 
CMCM, AES, and JMvR gave recommendations for the framework, 
writing, and composition of the manuscript as well as the methodol-
ogy. They also supervised the statistical analyses and helped with the 
formulation of the tables and figures.

Funding  This project was funded by the South African Netherlands 
Research Programme on Alternatives in Development, North-West 
University, Population Health Research Institute, Roche Diagnostics 
(South Africa) and South African Medical Research Council, South 
African National Research Foundation (NRF), and South African 
Sugar Association (SASA) for the analyses (Grant number: Project 
249). Opinions expressed and conclusions are those of the authors and 
are not necessarily to be attributed to the NRF.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interests.

References

	 1.	 Vorster HH (2002) The emergence of cardiovascular disease dur-
ing urbanisation of Africans. Public Health Nutr 5:239–243. https​
://doi.org/10.1079/PHN20​01299​

	 2.	 Vorster HH, Kruger A, Margetts BM (2011) The nutrition transi-
tion in Africa: can it be steered into a more positive direction? 
Nutrients 3:429–441. https​://doi.org/10.3390/nu304​0429

	 3.	 Schutte AE, Botha S, Fourie CMT, Gafane-Matemane LF, Kruger 
R, Lammertyn L, Malan L, Mels CMC, Schutte R, Smith W, van 
Rooyen JM, Ware LJ, Huisman HW (2017) Recent advances in 
understanding hypertension development in sub-Saharan Africa. J 
Hum Hypertens 31:491–500. https​://doi.org/10.1038/jhh.2017.18

	 4.	 Rayman MP (2008) Food-chain selenium and human health: 
emphasis on intake. Br J Nutr 100:254–268. https​://doi.
org/10.1017/S0007​11450​89398​30

	 5.	 Swart R, Schutte AE, van Rooyen JM, Mels CMC (2018) Serum 
selenium levels, the selenoprotein glutathione peroxidase and vas-
cular protection: the SABPA study. Food Res Int 104:69–76. https​
://doi.org/10.1016/j.foodr​es.2017.06.054

	 6.	 Labadarios D, Steyn NP, Maunder E, MacIntryre U, Gericke G, 
Swart R, Huskisson J, Dannhauser A, Vorster HH, Nesmvuni AE, 
Nel JH (2005) The national food consumption survey (NFCS): 
South Africa, 1999. Public Health Nutr 8:533–543. https​://doi.
org/10.1079/PHN20​05816​

	 7.	 Heyland DK, Dhaliwal R, Suchner U, Berger MM (2005) Antioxi-
dant nutrients: a systematic review of trace elements and vitamins 
in the critically ill patient. Intensive Care Med 31:327–337. https​
://doi.org/10.1007/s0013​4-004-2522-z

	 8.	 Arthur JR, McKenzie RC, Beckett GJ (2003) Selenium in 
the immune system. J Nutr 133:1457S–1459S. https​://doi.
org/10.1093/jn/133.5.1457S​

	 9.	 Lewin MH, Arthur JR, Riemersma RA, Nicol F, Walker SW, Mil-
lar EM, Howie AF, Beckett GJ (2002) Selenium supplementa-
tion acting through the induction of thioredoxin reductase and 
glutathione peroxidase protects the human endothelial cell line 

EAhy926 from damage by lipid hydroperoxides. BBA Mol Cell 
Res 1593:85–92. https​://doi.org/10.1016/S0167​-4889(02)00333​-6

	10.	 Labunskyy VM, Hatfield DL, Gladyshev VN (2014) Selenopro-
teins: molecular pathways and physiological roles. Physiol Rev 
94:739–777. https​://doi.org/10.1152/physr​ev.00039​.2013

	11.	 Burk RF, Hill KE (2005) Selenoprotein P: an extracellular protein 
with unique physical characteristics and a role in selenium homeo-
stasis. Annu Rev Nutr 25:215–235. https​://doi.org/10.1146/annur​
ev.nutr.24.01200​3.13212​0

	12.	 Liu H, Xu H, Huang K (2017) Selenium in the prevention of ath-
erosclerosis and its underlying mechanisms. Metallomics 9:21–37. 
https​://doi.org/10.1039/c6mt0​0195e​

	13.	 Rayman MP, Bath SC, Westaway J, Williams P, Mao J, Vander-
lelie JJ, Perkins AV, Redman CW (2015) Selenium status in U.K. 
pregnant women and its relationship with hypertensive conditions 
of pregnancy. Br J Nutr 113:249–258. https​://doi.org/10.1017/
S0007​11451​40036​4X

	14.	 Alehagen U, Johansson P, Bjornstedt M, Rosen A, Dahlstrom U 
(2013) Cardiovascular mortality and N-terminal-proBNP reduced 
after combined selenium and coenzyme Q10 supplementation: a 
5-year prospective randomized double-blind placebo-controlled 
trial among elderly Swedish citizens. Int J Cardiol 167:1860–
1866. https​://doi.org/10.1016/j.ijcar​d.2012.04.156

	15.	 Nawrot TS, Staessen JA, Roels HA, Den Hond E, Thijs L, Fagard RH, 
Dominiczak AF, Struijker-Boudier HA (2007) Blood pressure and 
blood selenium: a cross-sectional and longitudinal population study. 
Eur Heart J 28:628–633. https​://doi.org/10.1093/eurhe​artj/ehl47​9

	16.	 Salonen JT, Salonen R, Seppanen K, Kantola M, Suntioinen S, 
Korpela H (1991) Interactions of serum copper, selenium, and low 
density lipoprotein cholesterol in atherogenesis. BMJ 302:756–
760. https​://doi.org/10.1136/bmj.302.6779.756

	17.	 Flores-Mateo G, Navas-Acien A, Pastor-Barriuso R, Guallar E 
(2006) Selenium and coronary heart disease: a meta-analysis. Am 
J Clin Nutr 84:762–773. https​://doi.org/10.1093/ajcn/84.4.762

	18.	 Ju W, Li X, Li Z, Wu GR, Fu XF, Yang XM, Zhang XQ, Gao XB 
(2017) The effect of selenium supplementation on coronary heart 
disease: a systematic review and meta-analysis of randomized 
controlled trials. J Trace Elem Med Biol 44:8–16. https​://doi.
org/10.1016/j.jtemb​.2017.04.009

	19.	 Teo K, Chow CK, Vaz M, Rangarajan S, Yusuf S, Group PI-W 
(2009) The prospective urban rural epidemiology (PURE) study: 
examining the impact of societal influences on chronic noncom-
municable diseases in low-, middle-, and high-income countries. 
Am Heart J 158:1–7 e1. https​://doi.org/10.1016/j.ahj.2009.04.019

	20.	 Schutte AE, Schutte R, Huisman HW, van Rooyen JM, Fourie 
CM, Malan NT, Malan L, Mels CM, Smith W, Moss SJ, Towers 
GW, Kruger HS, Wentzel-Viljoen E, Vorster HH, Kruger A (2012) 
Are behavioural risk factors to be blamed for the conversion from 
optimal blood pressure to hypertensive status in Black South Afri-
cans? A 5-year prospective study. Int J Epidemiol 41:1114–1123. 
https​://doi.org/10.1093/ije/dys10​6

	21.	 Baecke JA, Burema J, Frijters JE (1982) A short questionnaire for 
the measurement of habitual physical activity in epidemiologi-
cal studies. Am J Clin Nutr 36:936–942. https​://doi.org/10.1093/
ajcn/36.5.936

	22.	 Seedat Y, Rayner B (2012) South african hypertension guideline 
2011. S Afr Med J 102:57–84

	23.	 Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruick-
shank JK, De Backer T, Filipovsky J, Huybrechts S, Mattace-Raso 
FU, Protogerou AD, Schillaci G, Segers P, Vermeersch S, Weber 
T, Artery S, European Society of Hypertension Working Group on 
Vascular S, Function, European Network for Noninvasive Inves-
tigation of Large A (2012) Expert consensus document on the 
measurement of aortic stiffness in daily practice using carotid-
femoral pulse wave velocity. J. Hypertens 30:445–448. https​://
doi.org/10.1097/HJH.0b013​e3283​4fa8b​0

https://doi.org/10.1079/PHN2001299
https://doi.org/10.1079/PHN2001299
https://doi.org/10.3390/nu3040429
https://doi.org/10.1038/jhh.2017.18
https://doi.org/10.1017/S0007114508939830
https://doi.org/10.1017/S0007114508939830
https://doi.org/10.1016/j.foodres.2017.06.054
https://doi.org/10.1016/j.foodres.2017.06.054
https://doi.org/10.1079/PHN2005816
https://doi.org/10.1079/PHN2005816
https://doi.org/10.1007/s00134-004-2522-z
https://doi.org/10.1007/s00134-004-2522-z
https://doi.org/10.1093/jn/133.5.1457S
https://doi.org/10.1093/jn/133.5.1457S
https://doi.org/10.1016/S0167-4889(02)00333-6
https://doi.org/10.1152/physrev.00039.2013
https://doi.org/10.1146/annurev.nutr.24.012003.132120
https://doi.org/10.1146/annurev.nutr.24.012003.132120
https://doi.org/10.1039/c6mt00195e
https://doi.org/10.1017/S000711451400364X
https://doi.org/10.1017/S000711451400364X
https://doi.org/10.1016/j.ijcard.2012.04.156
https://doi.org/10.1093/eurheartj/ehl479
https://doi.org/10.1136/bmj.302.6779.756
https://doi.org/10.1093/ajcn/84.4.762
https://doi.org/10.1016/j.jtemb.2017.04.009
https://doi.org/10.1016/j.jtemb.2017.04.009
https://doi.org/10.1016/j.ahj.2009.04.019
https://doi.org/10.1093/ije/dys106
https://doi.org/10.1093/ajcn/36.5.936
https://doi.org/10.1093/ajcn/36.5.936
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0


3323European Journal of Nutrition (2019) 58:3313–3323	

1 3

	24.	 Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, 
Bornstein N, Csiba L, Desvarieux M, Ebrahim S, Hernandez Her-
nandez R, Jaff M, Kownator S, Naqvi T, Prati P, Rundek T, Sitzer 
M, Schminke U, Tardif JC, Taylor A, Vicaut E, Woo KS (2012) 
Mannheim carotid intima-media thickness and plaque consensus 
(2004–2006–2011). An update on behalf of the advisory board of 
the 3rd, 4th and 5th watching the risk symposia, at the 13th, 15th 
and 20th European Stroke Conferences, Mannheim, Germany, 
2004, Brussels, Belgium, 2006, and Hamburg, Germany, 2011. 
Cerebrovasc Dis 34:290–296. https​://doi.org/10.1159/00034​3145

	25.	 Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio 
C, Hayoz D, Pannier B, Vlachopoulos C, Wilkinson I, Struijker-
Boudier H, European Network for Non-invasive Investigation 
of Large A (2006) Expert consensus document on arterial stiff-
ness: methodological issues and clinical applications. Eur Heart 
J 27:2588–2605. https​://doi.org/10.1093/eurhe​artj/ehl25​4

	26.	 Rukgauer M, Klein J, Kruse-Jarres JD (1997) Reference values for 
the trace elements copper, manganese, selenium, and zinc in the 
serum/plasma of children, adolescents, and adults. J Trace Elem Med 
Biol 11:92–98. https​://doi.org/10.1016/S0946​-672X(97)80032​-6

	27.	 Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm 
M, Christiaens T, Cifkova R, De Backer G, Dominiczak A (2013) 
2013 ESH/ESC guidelines for the management of arterial hyper-
tension: the Task Force for the Management of Arterial Hyperten-
sion of the European Society of Hypertension (ESH) and of the 
European Society of Cardiology (ESC). Blood Press 22:193–278

	28.	 Seedat Y, Rayner B (2012) South African hypertension guideline 
2011. S Afr Med J 102:60–83

	29.	 Arnaud J, Akbaraly TN, Hininger-Favier I, Berr C, Roussel AM 
(2009) Fibrates but not statins increase plasma selenium in dys-
lipidemic aged patients—the EVA study. J Trace Elem Med Biol 
23:21–28. https​://doi.org/10.1016/j.jtemb​.2008.08.001

	30.	 Stranges S, Marshall JR, Natarajan R, Donahue RP, Trevisan M, 
Combs GF, Cappuccio FP, Ceriello A, Reid ME (2007) Effects of 
long-term selenium supplementation on the incidence of type 2 
diabetes: a randomized trial. Ann Intern Med 147:217–223. https​
://doi.org/10.7326/0003-4819-147-4-20070​8210-00175​

	31.	 Stranges S, Navas-Acien A, Rayman MP, Guallar E (2010) Sele-
nium status and cardiometabolic health: state of the evidence. 
Nutr Metab Cardiovasc Dis 20:754–760. https​://doi.org/10.1016/j.
numec​d.2010.10.001

	32.	 Moore JA, Noiva R, Wells IC (1984) Selenium concentrations 
in plasma of patients with arteriographically defined coronary 
atherosclerosis. Clin Chem 30:1171–1173

	33.	 Schwenke DC, Behr SR (1998) Vitamin E combined with sele-
nium inhibits atherosclerosis in hypercholesterolemic rabbits inde-
pendently of effects on plasma cholesterol concentrations. Circ 
Res 83:366–377. https​://doi.org/10.1161/res.83.4.366

	34.	 Kok FJ, van Poppel G, Melse J, Verheul E, Schouten EG, Kruys-
sen DHCM, Hofman A (1991) Do antioxidants and polyun-
saturated fatty acids have a combined association with coro-
nary atherosclerosis? Atherosclerosis 86:85–90. https​://doi.
org/10.1016/0021-9150(91)90101​-8

	35.	 Xun P, Liu K, Morris JS, Daviglus ML, He K (2010) Longitudinal 
association between toenail selenium levels and measures of subclini-
cal atherosclerosis: the CARDIA trace element study. Atherosclerosis 
210:662–667. https​://doi.org/10.1016/j.ather​oscle​rosis​.2010.01.021

	36.	 Epstein FH, Ross R (1999) Atherosclerosis—an inflammatory dis-
ease. N Engl J Med 340:115–126. https​://doi.org/10.1016/S0002​
-8703(99)70266​-8

	37.	 Fernandez-Friera L, Fuster V, Lopez-Melgar B, Oliva B, Gar-
cia-Ruiz JM, Mendiguren J, Bueno H, Pocock S, Ibanez B, Fer-
nandez-Ortiz A, Sanz J (2017) Normal LDL-cholesterol levels 
are associated with subclinical atherosclerosis in the absence 
of risk factors. J Am Coll Cardiol 70:2979–2991. https​://doi.
org/10.1016/j.jacc.2017.10.024

	38.	 Latheef SAA, Radhika K, Subramanyam G (2014) Histopathologi-
cal changes due to the effect of selenium in experimental cocker-
els. Indian J Med Res 139:927–932

	39.	 Zhang X, Liu C, Guo J, Song Y (2016) Selenium status and car-
diovascular diseases: meta-analysis of prospective observational 
studies and randomized controlled trials. Eur J Clin Nutr 70:162–
169. https​://doi.org/10.1038/ejcn.2015.78

	40.	 Rayman MP (2012) Selenium and human health. Lancet 
379:1256–1268. https​://doi.org/10.1016/S0140​-6736(11)61452​-9

	41.	 Benstoem C, Goetzenich A, Kraemer S, Borosch S, Manzanares 
W, Hardy G, Stoppe C (2015) Selenium and its supplementation 
in cardiovascular disease—what do we know? Nutrients 7:3094–
3118. https​://doi.org/10.3390/nu705​3094

	42.	 Meplan C (2015) Selenium and chronic diseases: a nutritional 
genomics perspective. Nutrients 7:3621–3651. https​://doi.
org/10.3390/nu705​3621

	43.	 Hamanishi T, Furuta H, Kato H, Doi A, Tamai M, Shimomura 
H, Sakagashira S, Nishi M, Sasaki H, Sanke T, Nanjo K (2004) 
Functional variants in the glutathione peroxidase-1 (GPx-1) gene 
are associated with increased intima-media thickness of carotid 
arteries and risk of macrovascular diseases in japanese type 2 
diabetic patients. Diabetes 53:2455–2460. https​://doi.org/10.2337/
diabe​tes.53.9.2455

	44.	 Nemoto M, Nishimura R, Sasaki T, Hiki Y, Miyashita Y, Nishioka 
M, Fujimoto K, Sakuma T, Ohashi T, Fukuda K, Eto Y, Tajima 
N (2007) Genetic association of glutathione peroxidase-1 with 
coronary artery calcification in type 2 diabetes: a case control 
study with multi-slice computed tomography. Cardiovasc Diabetol 
6:23. https​://doi.org/10.1186/1475-2840-6-23

	45.	 Joost HG, Gibney MJ, Cashman KD, Gorman U, Hesketh JE, 
Mueller M, van Ommen B, Williams CM, Mathers JC (2007) Per-
sonalised nutrition: status and perspectives. Br J Nutr 98:26–31. 
https​://doi.org/10.1017/S0007​11450​76851​95

	46.	 Chan YH, Siu CW, Yiu KH, Chan HT, Li SW, Tam S, Cheung 
BM, Lau CP, Lam TH, Tse HF (2012) Adverse systemic arterial 
function in patients with selenium deficiency. J Nutr Health Aging 
16:85–88. https​://doi.org/10.1007/s1260​3-011-0086-5

	47.	 Asmar R, Benetos A, London G, Hugue C, Weiss Y, Topouchian 
J, Laloux B, Safar M (1995) Aortic distensibility in normotensive, 
untreated and treated hypertensive patients. Blood Press 4:48–54. 
https​://doi.org/10.3109/08037​05950​90775​67

	48.	 Saijo Y, Utsugi M, Yoshioka E, Horikawa N, Sato T, Gong Y, 
Kishi R (2008) The relationship of gamma-glutamyltransferase to 
C-reactive protein and arterial stiffness. Nutr Metab Cardiovasc 
Dis 18:211–219. https​://doi.org/10.1016/j.numec​d.2006.10.002

	49.	 Shin JY, Lee HR, Lee DC (2011) Increased arterial stiffness in 
healthy subjects with high-normal glucose levels and in sub-
jects with pre-diabetes. Cardiovasc Diabetol 10:30. https​://doi.
org/10.1186/1475-2840-10-30

	50.	 Ruseva B, Atanasova M, Georgieva M, Shumkov N, Laleva P 
(2012) Effects of selenium on the vessel walls and anti-elastin anti-
bodies in spontaneously hypertensive rats. Exp Biol Med (May-
wood) 237:160–166. https​://doi.org/10.1258/ebm.2011.01121​2

	51.	 Moghadaszadeh B, Beggs AH (2006) Selenoproteins and their 
impact on human health through diverse physiological pathways. 
Physiology 21:307–315. https​://doi.org/10.1152/physi​ol.00021​.2006

	52.	 Zureik M, Galan P, Bertrais S, Mennen L, Czernichow S, Blacher 
J, Ducimetiere P, Hercberg S (2004) Effects of long-term daily 
low-dose supplementation with antioxidant vitamins and minerals 
on structure and function of large arteries. Arterioscler Thromb 
Vasc Biol 24:1485–1491. https​://doi.org/10.1161/01.ATV.00001​
36648​.62973​.c8

	53.	 Virtamo J, Valkeila E, Alfthan G, Punsar S, Huttunen JK, 
Karvonen MJ (1985) Serum selenium and the risk of coronary 
heart disease and stroke. Am J Epidemiol 122:276–282. https​://
doi.org/10.1093/oxfor​djour​nals.aje.a1140​99

https://doi.org/10.1159/000343145
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1016/S0946-672X(97)80032-6
https://doi.org/10.1016/j.jtemb.2008.08.001
https://doi.org/10.7326/0003-4819-147-4-200708210-00175
https://doi.org/10.7326/0003-4819-147-4-200708210-00175
https://doi.org/10.1016/j.numecd.2010.10.001
https://doi.org/10.1016/j.numecd.2010.10.001
https://doi.org/10.1161/res.83.4.366
https://doi.org/10.1016/0021-9150(91)90101-8
https://doi.org/10.1016/0021-9150(91)90101-8
https://doi.org/10.1016/j.atherosclerosis.2010.01.021
https://doi.org/10.1016/S0002-8703(99)70266-8
https://doi.org/10.1016/S0002-8703(99)70266-8
https://doi.org/10.1016/j.jacc.2017.10.024
https://doi.org/10.1016/j.jacc.2017.10.024
https://doi.org/10.1038/ejcn.2015.78
https://doi.org/10.1016/S0140-6736(11)61452-9
https://doi.org/10.3390/nu7053094
https://doi.org/10.3390/nu7053621
https://doi.org/10.3390/nu7053621
https://doi.org/10.2337/diabetes.53.9.2455
https://doi.org/10.2337/diabetes.53.9.2455
https://doi.org/10.1186/1475-2840-6-23
https://doi.org/10.1017/S0007114507685195
https://doi.org/10.1007/s12603-011-0086-5
https://doi.org/10.3109/08037059509077567
https://doi.org/10.1016/j.numecd.2006.10.002
https://doi.org/10.1186/1475-2840-10-30
https://doi.org/10.1186/1475-2840-10-30
https://doi.org/10.1258/ebm.2011.011212
https://doi.org/10.1152/physiol.00021.2006
https://doi.org/10.1161/01.ATV.0000136648.62973.c8
https://doi.org/10.1161/01.ATV.0000136648.62973.c8
https://doi.org/10.1093/oxfordjournals.aje.a114099
https://doi.org/10.1093/oxfordjournals.aje.a114099

	Selenium and large artery structure and function: a 10-year prospective study
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study design and participants
	Experimental protocol
	Anthropometric measurements
	Questionnaires
	Cardiovascular measurements
	Biochemical analyses
	Statistical analyses

	Results
	Sensitivity analyses

	Discussion
	Conclusion
	Acknowledgements 
	References


