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Abstract: Selenium status of the Danish population is below that assumed optimal for the
suggested protective effects against chronic diseases, including certain cancers. Fish and
shellfish are important dietary sources of selenium in Denmark. We investigated the effect
of increased fish and mussel intake on selenium blood concentrations in a population with
relatively low habitual dietary selenium intake. We randomly assigned 102 healthy men and
women (all non-smokers) aged 48-76 years to an intervention group (n = 51) or a control
group (n = 51). Intervention participants received 1000 g fish and mussels/week for 26 weeks
(~50 ng selenium/day). Controls received no intervention. Non-fasting blood samples were
taken and whole blood selenium was determined using inductively coupled plasma-mass
spectrometry (ICP-MS), and plasma selenoprotein P (SelP) was determined by high
performance liquid chromatography coupled to ICP-MS. All available observations were
included in linear multiple regression analysis to evaluate the effect of the intervention.
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The difference in mean change for intervention compared with control persons was 14.9 ng/mL
(95% CI: 10.2, 19.7) for whole blood selenium, and 7.0 ng/mL (95% CI: 3.1, 10.9) for
plasma SelP (Weeks 0-26). Selenium concentrations were significantly increased after
26 weeks of intervention, albeit to a lower degree than expected.

Keywords: fish; intervention; mussels; randomized; selenium; selenoprotein P; shellfish

1. Introduction

Selenium is an essential trace element with important metabolic functions in human health including
antioxidative and anti-inflammatory functions [1,2]. The biological effects of selenium occur through its
incorporation in selenoproteins, one of the most predominant being selenoprotein P (SelP) [1,3]. SelP is
a selenium transport protein that is a possible marker of the functional selenium status [3]. SelP responds
to dietary selenium intake [4], and the maximal concentration of SelP in humans is expected to be
obtained at plasma selenium concentrations of 125 ng/mL, corresponding to an intake of approximately
100 pg/day [5].

Selenium is postulated to prevent chronic diseases including prostate, colorectal, and lung cancer [1,2],
but the evidence from randomized controlled trials and observational studies in humans has not been
convincing [6]. It has been suggested that the association between selenium and risk of cancer is
nonlinear and, for some cancer types, U-shaped [1,2]. The risk of some cancer types may be reduced at
serum or plasma concentrations between 120 and 160 ng/mL when compared with concentrations
below 120 ng/mL [1,2]. The mean selenium status of the Danish population is 90-100 ng/mL [7,8]
(corresponding to a dietary selenium intake of ~40-50 ug/day), which is below the level required to
obtain the possible protective effects against cancer.

Exposure to selenium is mainly through intake of foods or dietary supplements [1]. Selenium is
present in the soil and can enter the food chain through crops and animal feed [9,10]. In Europe, however,
the soil concentration of selenium is low compared with other parts of the world, including parts of the
United States [11,12]; consequently, plant-based foods in Europe are relatively low in selenium.
Selenium supplementation to fertilizers has been done in Finland since 1985, illustrating that this is a
feasible strategy for increasing dietary selenium intake and plasma selenium concentrations of an
otherwise low-selenium population [13]. Selenium-rich food sources include fish and shellfish [2,11].
In regions with low soil selenium content, fish and shellfish are important selenium sources, but the
bioavailability of selenium from these marine foods is relatively low (56%-88%) compared with other
food items [14-17]. Furthermore, the selenium content in fish and shellfish varies, and high selenium
contents are found in e.g. mussels, and lower contents are found in e.g. cod [18]. Other important dietary
selenium sources in low-selenium geographic areas are meat products where the selenium content is
influenced by the feed and mineral supplements consumed by the animals [1,11]. However, several
clinical studies have shown that micronutrients given as supplements do not always result in the same
health effects as micronutrients from foods [19]. This implies that intake of selenium through natural
food sources may be preferred.
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In Denmark, the selenium status at population levels is in the lower range. Fish is a potentially
important source, and with the current mean intake of 130 g per week for adults [20], an increase in the
intake of fish should be feasible. A higher intake of this selenium-rich food source may therefore increase
the blood selenium concentrations in the Danish population. To our knowledge the effect
of fish and shellfish intake on selenium status has been studied only in short-term intervention studies
with few study participants [17,21]. These previous studies observed minor effects on blood selenium
concentrations. Steady-state of selenium in plasma seems to be obtained after 26 weeks’ intervention
according to a long-term supplementation study (200 pg selenium-enriched yeast/day) [22], which
suggests that long-term dietary intervention studies are preferred to investigate the effect of fish and
shellfish intake on selenium status in a population with low selenium concentrations.

The hypothesis of the present study was that an increased intake of fish and mussels would increase
the blood concentrations of selenium and SelP in a population with relatively low habitual dietary
selenium intake. Accordingly, we aimed to investigate the effect of increased fish and mussel intake on
whole blood selenium and plasma SelP concentrations after 26 weeks of intervention.

2. Methods
2.1. Study Design

This study was a randomized dietary intervention study with two parallel groups.

The study was approved by the Danish Regional Committee on Biomedical Research Ethics for the
Capital Region of Denmark (H-2-2010-033) in accordance with the Helsinki declaration. It was also
approved by the Danish Data Protection Agency (2010-41-5111). All participants were given oral and
written information about the study; written informed consent was obtained from all participants included in
the study.

This study is registered at http://www.clinicaltrials.gov as DCS-53227244.

2.2. Study Population

The study took place in the northern part of Jutland, Denmark, from September 2010 to March 2011.
Participants were recruited via local media, including newspaper advertisements. Eligibility for
randomization was determined by potential participants completing a questionnaire three months before
baseline measurements on lifestyle, diet, and health status.

We planned to recruit 100 men and women aged 50-74 years with a BMI of 18.5 kg/m?-28 kg/m?.
The exclusion criteria included current smoking, intake of dietary supplements containing selenium three
months before baseline measurements, frequent intake of fish and shellfish (>300 g/week), excessive
intake of alcohol (according to the official Danish guidelines at study recruitment: women > 14 units of
alcohol/week, men > 21 units of alcohol/week), strenuous exercise (>10 h/week), severe chronic disease,
and frequent use of specified medication (including diabetic medicine, anticoagulant medicine, and
medication for heart disease), or a cancer diagnosis within the past 5 years. Study participants were
requested to inform the investigators of any changes regarding disease or medication occurring during
the study.
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2.3. Dietary Intervention

Participants in the intervention group were provided with 1000 g raw fish and raw or processed
mussels (portion size of 200 g; five portions/week) once a week for 26 weeks. This amount corresponds
to an intake of approximately 50.3 pg selenium/day (based on data from the Danish Food Composition
Databank [18]). The participants received four or five different types of fish per week. Diversity in the
type of fish provided was prioritized to ensure variation and thereby optimize compliance. In total, each
participant received the following amounts during the entire intervention: Atlantic wolffish (0.2 kg,
115.0 pug selenium), salmon (farmed) (4.2 kg, 1352.4 pg selenium), herring (0.6 kg, 192.6 ug selenium),
haddock (0.6 kg, 267.0 pg selenium), coalfish (2.8 kg, 907.2 pg selenium), cod (5.0 kg, 1435.0 ug
selenium), plaice (5.2 kg, 1502.8 ug selenium), ling (0.6 kg, 254.4 pug selenium), and mussels (6.8 kg,
3128.0 pg selenium) [18]. In total, the estimated selenium intake from the intervention was
9154.4 ng/182 days. During the first eight weeks the intervention diet included 400 g blue mussels/week
after which the amount was reduced to 200 g mussels/week. At study initiation, participants were
instructed to consume the five portions of fish and mussels over a week, but there were no restrictions
regarding the amount consumed per meal. The participants were allowed to consume other meals
containing fish or shellfish besides the experimental foods.

At study start participants in the intervention group were given recipes for inspiration for meal
preparation. To monitor their compliance they were provided with a self-monitoring record and kitchen
scales to weigh the amount of received fish and mussels (prepared or raw) not consumed during the study
period. At study initiation participants were instructed on how to complete the self-monitoring record.

2.4. Control Group

Participants in the control group received no intervention and were advised to maintain their
habitual diets.

2.5. Data Collection

Non-fasting blood samples and anthropometric data were collected three times from each participant
during the study: at baseline (September 2010) and after 13 weeks (December 2010) and 26 weeks
(March 2011) of intervention. The blood samples were drawn from an antecubital vein with siliconized
needles into K2-EDTA-coated blood drawing tubes of 6 mL (K2-EDTA BD Vacutainer Trace Elements
REF 368381) and 10 mL (K2-EDTA BD Vacutainer REF 367525), respectively. The 6 mL blood
samples were collected as whole blood. The 10 mL blood sample tubes were separated into plasma,
erythrocytes, and buffy coat by centrifugation. For approximately every twenty-fifth blood sample
collected, corresponding to one sample per day (performed by the same medical laboratory technicians),
a field blank sample (MilliPore Super Q water, Millipore, Milford, MA, USA) was taken using the same
equipment and was used as contamination control. All sample tubes were stored at room temperature for
a maximum of eight hours from the time blood samples were drawn until they were stored in a freezer
at —20 °C. The tubes were later stored in a freezer at —80 °C until analysis.
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Anthropometric measurements (weight and height) were collected throughout the study by the same
member of the professional staff. For all measurements, participants were without shoes and wore indoor
clothing. BMI was calculated as weight (kg) divided by height squared (m?).

2.6. Power Analysis

Power analysis was done using a two-sample t-test and applying a significance level of 5% and a
two-sided alternative when assuming comparison of changes from baseline to week 26 between the
intervention and control group. It was determined that inclusion of 40 participants per group would allow
a minimum detectable difference of 10 ng/mL (SD = 10) or 30 ng/mL (SD = 10) in selenium concentration
between groups with a statistical power of 87% or 99%, respectively. The mean difference in the control
group was assumed to be zero. To take into account a potential dropout of 20% in each group, we
included 51 participants per group.

2.7. Randomization

Randomization was performed by a computer-generated procedure. The procedure ensured that
the 24 couples included were randomly assigned to the same group—212 couples were randomly assigned
to each group, and that men and women were equally distributed between the two groups—intervention
group: 28 men and 23 women; control group: 29 men and 22 women.

2.8. Blinding

The laboratory staff that performed the biological and chemical analyses were blinded to the
participants regarding the coupling between ID number and study group. The investigators were blinded
to the ID numbers during the statistical analyses.

2.9. Chemical Analyses

Whole blood selenium analyses were conducted by an inductively coupled plasma-mass spectrometer
equipped with a dynamic reaction cell, ICP-DRC-MS (ELAN 6100 DRC, Perkin-Elmer SCIEX,
Concord, ON, Canada) to overcome interferences on the detection of selenium in accordance with a
method described in detail in Nunes et al. [23]. Briefly, tetramethylammonium hydroxide was added to
the thawed whole blood samples at a concentration of a 10% v/v. The samples were then incubated at
room temperature for 10 min followed by dilution with a mixture of 0.05% w/v ethylenediamine
tetraacetic acid and 0.005% v/v Triton X-100 surfactant to a 50-fold final dilution. Rhodium (***Rh) was
used as internal standard, and the ratio of selenium as "’Se to °*Rh was measured using direct aspiration
of the diluted blood samples into the ICP-MS instrument.

The concentration of SelP in plasma was determined using its selective retention by heparin-affinity
high performance liquid chromatography (HPLC) and on-line detection by ICP-DRC-MS of selenium
eluting from the HPLC column. Quantification was done by on-line post-column isotope dilution using
a solution of enriched ""Se (99.3% pure) as spike isotope and 8Se as reference isotope for the natural
selenium content of the biological samples [24]. The thawed plasma samples were centrifuged to
separate the coagulum from the supernatant. The chromatographic system included an AF Pak
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AHR-894 heparin affinity column (8 mm x 50 mm; 18 um particle size and 200 A pore size) with a
polyhydroxymethacrylate-based stationary phase (Showa Denko, Kawasaki, Japan). Mobile Phase A
contained 20 mM ammonium nitrate (Sigma-Aldrich, MO, USA) and mobile Phase B an additional
500 units-mL™! heparin, which is a highly sulfonated glycosaminoglycan (Wako Pure Chemical
Industries Ltd., Osaka, Japan). In addition to determining SelP, the concentration of total selenium in
plasma was also quantified by isotope dilution on the basis of the area under the complete chromatogram.
The finding that the values obtained for total selenium did not deviate from the certified value of the
BCR 637 Human Serum certified reference material (IRMM, Geel, Belgium) (target value versus obtained
value) indicated that all the selenium contained in this plasma sample passed through the HPLC column
and that the results were accurate. However, the method used to determine plasma selenium in this way
was less precise than that used to determine selenium in whole blood. Therefore, the baseline plasma
selenium concentration was used only for comparison with other Danish studies measuring plasma
selenium in a healthy population.

All samples were analyzed by the same laboratory, and the same laboratory technicians performed
the whole blood selenium and SelP analysis, respectively. For approximately every fifteenth unknown
sample, the following samples were included for quality assurance of whole blood selenium and of SelP
in plasma: one field blank to monitor possible contamination occurring during sample collection;
one BCR 637 Human Serum CRM to monitor accuracy of the analyses of selenium in plasma or one
whole blood laboratory check sample (ICP 07B03, Institut National de Santé Publique du Quebec,
Quebec, Canada) to monitor the total selenium analyses in whole blood; and one duplicate sample to
estimate analytical precision of total selenium or SelP across the complete analytical work. The derived
analytical repeatability precision was 2.9% for whole blood selenium, 2.5% for plasma SelP, and 3.2%
for plasma selenium. Furthermore, one laboratory blank sample was included in each batch of analyses
for correction for random selenium contamination and for estimation of limit of detection (LOD). The
LOD (3 x SD) was also estimated from the field blank sample, but this LOD was lower than that derived
from the laboratory blank sample, and the latter was therefore used. The LOD values were 1.7 ng/mL
for whole blood selenium, 6.3 ng/mL for SelP as selenium, and 4.9 ng/mL plasma.

2.10. Statistical Methods

The statistical analysis was based on all available observations. Participants who were randomized
into a group, but did not attend the baseline appointment (Week 0) were excluded. Participants who
attended only the baseline appointment were included only in the baseline characteristics.

Baseline characteristics on sex, age, BMI, whole blood selenium, plasma selenium, and plasma SelP
are presented as medians with 5th and 95th percentiles for each study group.

Compliance with the intervention was estimated as follows: (total received amount—not ingested
amount after preparation)/by total received amount.

Outlying observations were identified from visual inspection of the data (correlation plots of
Week 0 vs. Week 13 and Week 0 vs. Week 26).

Linear multiple regression analysis was applied to evaluate the intervention effect on whole blood
selenium and plasma SelP. The mean changes of whole blood selenium and plasma SelP from Week 0
to Week 13 and from Week 0 to Week 26 were plotted using a QQ-plot and found to be normally
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distributed. Within the two groups mean changes (Weeks 0-13, Weeks 0-26) and the difference between
the groups’ mean changes (Weeks 0-26) were calculated from the linear multiple regression model using
least squares means. The results are presented as mean change (95% CI).

To illustrate the range of variation in the groups at the three measurements (Weeks 0, 13, 26), a box
plot with 5th, 25th, 50th, 75th and 95th percentiles is presented.

In a sub-analysis, we evaluated whether selenium supplement consumed between 3 and 12 months
before study recruitment was an effect modifier on the intervention effect. An interaction term between
selenium supplement consumption and intervention group was included in the model.

The procedure general linear model (GLM) in the Statistical Analysis Systems statistical software,
release 9.3 (SAS Institute, Cary, NC, USA) was used for the analyses.

3. Results
3.1. Study Participants

Although 115 persons were assessed for eligibility, only 102 agreed to be enrolled and were
subsequently randomized to the intervention or control group (Figure 1). Of the 102 participants assigned
to a group, 83 completed the study. In the control group, six participants were excluded because they did
not attend the initial appointment. Further, one participant was excluded after the initial appointment due
to use of medication for diabetes, and two were excluded because they did not attend the third
appointment. In the intervention group, eight participants were excluded after the initial appointment
(three due to diagnosis of disease, two due to discomfort with the intervention, one participant dropped
out because his wife was excluded, and two participants dropped out without further explanation).
Further, two participants deviated from the protocol and were both excluded from the analysis; they were
found not to meet eligibility criteria regarding use of medication for heart disease and dietary
supplementation with selenium, respectively. They informed us about the deviations after the second
appointment and at study end.

3.2. Baseline Characteristics

The intervention and control group were similar regarding sex, age, BMI, and blood selenium and
SelP (as selenium concentration) at baseline (Table 1).

3.3. Compliance

All participants showed a high compliance with the intervention. The median of ingested proportion
was 99% of the received fish and mussels, and the participant with the lowest compliance ingested 89%.

3.4. Whole Blood Selenium

The difference in mean change for intervention compared with control persons was 14.9 ng/mL
(95% CI: 10.2, 19.7) for Weeks 0-26 (Table 2). In the intervention group the concentration increased,
whereas a reduction occurred in the control group (Table 2 and Figure 2). It was studied whether use of
dietary selenium supplement between 3 and 12 months before study recruitment modified the results
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(Table 3). Though tests for interaction gave p-values of borderline statistical significance (Weeks 0-13:

p = 0.06, Weeks 0-26: p = 0.08), the pattern of the estimates was not biologically interpretable.

Assessed for eligibility from a
questionnaire (n = 115)

A\ 4

Returned a signed declaration
of consent (n = 102)

v
Randomized (n = 102)

i v Discontinued
- - intervention (n = 8)
Assigned to Assigned to - breast cancer
control group intervention group . S
(n=51) (n=51) dl_agno_5|s (n_— 1)
- - wife discontinued
Did not attend < participation (n = 1)
appointment (n = 6) v v - dropped out (n=2)
Week 0 (n = 45) Week 0 (n = 51) - discomfort with the
intervention (n = 2)
Use of diabetic B - cglorect_al cancer
medication (n = 1) o "l  diagnosis (n=1)
Y - use of heart disease
Week 13 (n=44) Week 13 (n=43) medication (n = 1)
Di_d not attenﬁ < »{ Use of heart disease
appointment (n = 2) \ 4 v medication (n = 1)
Week 26 (n=42) Week 26 (n =42)
| Intake of selenium
v v supplement (n=1)
Completed (n =42) Completed (n = 41)

Figure 1. Flow diagram of the recruitment, randomization, and study flow.

Table 1. Baseline characteristics presented as number (percentage) or median (5-95 percentiles).

Variable Intervention (n = 49) Control (n = 45)
Women 21 (43%) 19 (42%)
Men 28 (57%) 26 (58%)
Age, year 61 (51-72) 59 (51-73)
BMI, kg/m? 26.3 (21.0-31.1) 25.2 (20.3-32.5)
Whole blood selenium, ng/mL 113.5(91.3-147.4) 114.6 (96.6-136.0) *
Plasma selenoprotein P, ng selenium/mL 51.4 (35.0-64.0) 2 51.4 (35.4-65.7) 3
Plasma selenium, ng/mL 84.7 (67.8-106.5) * 86.4 (70.5-103.3)

1'n = 44 due to exclusion of outlying values (n = 1), all whole blood selenium concentrations for this person
were excluded; 2 n = 46 due to errors in the laboratory measures (n = 3), all plasma selenoprotein P
concentrations and the plasma selenium concentration analyzed only at baseline were excluded for these
persons; 3 n = 43 due to errors in the laboratory measures (n = 2); all plasma selenoprotein P concentrations
and the plasma selenium concentration analyzed only at baseline were excluded for these persons.



Nutrients 2015, 7

Table 2. Change within group and difference between group changes in whole blood
selenium and plasma selenoprotein P concentrations.

Difference between Group

Mean Change within Group (95% CI)
Mean Change (95% CI)

n Weeks 0-13 n Weeks 0-26 n Weeks 0-26
Whole blood
selenium, ng/mL
Intervention 41 2.0(-1.3,5.2) 41 10.8 (7.4, 14.2)
82 14.9 (10.2, 19.7)
Control 43 -53(-85,-21) 41 —41(-75,-0.7)

Plasma selenoprotein P,
ng selenium/mL

Intervention 37 19(-1.2,51) 38 10.2(7.4,13.0)

78 7.0(3.1,10.9)
Control 42 -56(-85,-2.6) 40  3.2(0.5,59)

@ intervention
160 + O control

140
120

LIS Jal

80

Whole blood selenium (ng/mL)
|
|

week 0 week 13 week 26

Time point (week)

Figure 2. Whole blood selenium concentrations for the intervention and the control group
presented as 5th, 25th, 50th, 75th and 95th percentiles for Weeks 0, 13, and 26.

Table 3. Change within group in whole blood selenium concentrations, stratified by intake
of dietary selenium supplement between 3 and 12 months before study recruitment.

Mean Change within Group (95% CI) P Interaction
n Weeks 0-13 n Weeks 0-26 Weeks 0-13 Weeks 0-26

Intake of dietary
selenium supplement
Intervention 19 -29(-76,17) 19 8.4 (3.5,13.3)
Control 18 -5.6(-104,-0.9) 18 -1.9(-6.9,3.2)
No intake of dietary
selenium supplement
Intervention 22 6.2 (1.9,10.5) 22 129(8.3,17.5)
Control 25 -51(-9.1,-1.0) 23 -59(-104,-1.4)

0.06 0.08

616
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3.5. Plasma SelP

The difference in mean change for intervention compared with control persons was 7.0 ng/mL
(95% CI: 3.1, 10.9) for Weeks 0-26 (Table 2). In the intervention group the concentration increased.
In the control group, a reduction occurred in the first period (Weeks 0-13), but over the 26-week period
the concentration increased (Table 2 and Figure 3). Dietary selenium supplement consumed before study
recruitment was not an effect modifier on the intervention effect (Weeks 0-13: p = 0.87, Weeks 0-26:
p = 0.49) (results not presented).

80

T

:”” e | lT

J J T :

304

O intervention
O control

Plasma selenoprotein P (ng/mL)

week 0 week 13 week 26

Time point (week)

Figure 3. Plasma selenoprotein P concentrations for the intervention and the control group
presented as 5th, 25th, 50th, 75th and 95th percentiles for Weeks 0, 13, and 26.

4. Discussion

This dietary intervention study included healthy middle-aged participants with low habitual dietary
selenium intake. We found that a 26-week intervention with fish and mussels significantly increased the
whole blood selenium and plasma SelP concentration in the intervention group when compared with a
control group.

The main strength of our study is its design where the randomization procedure is expected to assure
that known and unknown confounders are evenly distributed between the two groups. However, a larger
sample size may have been required to rely completely on the randomization effect. The restrictive
inclusion and exclusion criteria further reduce the potential influence of confounding, and the long-term
duration of the intervention combined with the high compliance regarding the intervention diet is an
additional strength. The high compliance indicates that the experiment was well designed inasmuch as
the intervention group was able to comply with the intervention diet, albeit compliance was assessed
based on self-monitored records only and therefore bias cannot be excluded. Intention-to-treat analysis
is generally the favored method for randomized studies. However, in the present study, a few participants
provided only the baseline blood sample or the two first blood samples (Weeks 0 and 13) and an
intention-to-treat analysis would have required imputation of the missing data for these persons.
Imputation of missing data could introduce problems, especially in smaller studies such as the present



Nutrients 2015, 7 618

one. We therefore based our data analyses on available observations only and this should be taken into
account when considering the results. Due to the chosen methods of data analysis, we are not able to
evaluate the intervention effect in the group of participants that dropped out. The dropout in the present
study was not higher than expected (around 20%) and was almost the same in both groups (Figure 1).
Thus, it seems unlikely that the study dropout was related to the intervention. Further, it is not likely that
the dropout was related to the effect of the intervention (Figure 1). Selection bias is therefore not
expected to have influenced the results.

Due to the intervention with a high amount of fish, it was not possible to blind the participants to
intervention or control status. We would expect the lack of blinding primarily to lead to a higher intake
of fish in the control group. This is not indicated by the results, as blood selenium concentrations in the
control group did not increase (see Table 2).

Our participants were non-fasting at blood sampling, and the biological variability of selenium status
is another aspect that needs to be considered. The biological half-life of selenium in blood plasma is
relatively short (approximately eight hours) [25]. Plasma selenium responds rapidly to short-term
changes in dietary selenium intake [4] and time since last intervention meal may therefore influence
the plasma selenium concentration at blood sampling. To account for this, we used whole blood
selenium as our primary outcome measure as this marker has been shown to reflect long-term selenium
status [26,27]. Plasma selenium was estimated only for baseline samples to enable comparison with other
Danish studies measuring plasma selenium in a healthy population.

The intervention was conducted over 26 weeks, as this was expected to be sufficiently long to
maximize SelP concentration. Previous studies investigating SelP concentration suggest that the
maximal plasma SelP concentration is reached before 10 weeks of supplementation [5,28]. However, a
study measuring whole blood selenium indicated response of supplementation up to 35 weeks but with
a flattening of the curve after approximately 20 weeks [29]. We would therefore expect any potential
effect beyond the 26 weeks of intervention in the present study to be modest and, consequently, that the
duration of our intervention was sufficient.

Few intervention studies have investigated the effect of fish and shellfish intake on selenium
concentrations, and the results are inconsistent. In a population from New Zealand (n = 11) with baseline
plasma selenium concentrations around 120 ng/mL, an intervention with 240 g of salmon/week for eight
weeks (~47 ug selenium/week) was compared with a control group consuming salmon oil capsules [21].
The study found that plasma selenium increased significantly in the fish-eating group when compared
with the group receiving capsules (mean difference around 11 ng/mL). However, in a Norwegian study
(n = 11) with similar baseline selenium concentrations, a considerably higher intake of fish (1500 g of
different fish/week for six weeks ~420 pg selenium/week) did not result in a significant increase in
plasma selenium [17]. In our study, the baseline concentration of plasma selenium was around 85 ng/mL.
We found that a 26-week intervention with 1000 g of fish and mussels/week (~350 pg selenium/week)
significantly increased the whole blood selenium concentrations (mean difference around 15 ng/mL),
which falls within the range of observations reported previously.

Baseline concentrations of plasma selenium were estimated to allow comparison with plasma selenium
concentrations among healthy participants in other Danish studies. In our study the median concentrations
were 85 ng/mL in the intervention group and 86 ng/mL in the control group at baseline. These
concentrations were slightly lower than in another Danish study finding plasma selenium concentrations
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of 93 ng/mL in healthy, middle-aged participants (n = 24) [7]. Whole blood selenium at baseline in the
present study (around 114 ng/mL) was similar to levels found in other Danish studies in healthy
participants (range: 95-120 ng/mL) [30-32].

SelP is the major plasma selenoprotein and contains at least 50% of all selenium in plasma [33].
In the present study, we found that SelP accounted for 59.5% (median) of total plasma selenium at
baseline (5-95 percentiles, 49.7%—65.6%), which is in line with previous findings.

According to our study protocol, we expected a mean whole blood selenium concentration
around 155 ng/mL at study end in the intervention group corresponding to a plasma concentration of
approximately 130 ng/mL. This approximation was based on a Danish pilot study (unpublished results)
in which plasma and whole blood selenium were measured following intervention with
selenium-enriched yeast. Nevertheless, the intervention group in the present fish intervention study did
not reach the expected whole blood selenium concentration (median at study end was 125 ng/mL,
see Figure 2) and saturation of SelP was therefore not achieved [5]. The modest increase in selenium
could be due to a decrease in intake of other selenium-containing foods among the participants in the
intervention group; for example, they may have substituted some of their meat and seafood intake with
the fish and mussels provided through the intervention. As meat is an important source of selenium in
the Danish diet [20], such a substitution could result in a lower than expected selenium intake.
The estimated selenium intake (~350 pg/week) was based on data on the concentration of selenium in
food from the Danish Food Database [18]. The selenium content in fish and mussels may have varied
during the 26-week intervention; accordingly, the selenium intake could have been lower or higher than
that estimated. A possible modest bioavailability in humans of selenium from fish and shellfish
(56%—88%) [14-17] could be an additional explanation for the lower blood selenium concentration at
study end. Furthermore, in vitro studies of the bio-accessibility of selenium from seafood showed that a
minor fraction of low-molecular selenium species was accessible [34]. This could imply that the issue
of modest bioavailability of selenium from fish is associated with the digestibility of selenium contained
in the protein fraction of the intervention diet. Finally, it has been suggested that mercury, a known
contaminant present in fish, may interact with selenium and reduce its bioavailability [35-37].

During the first half of the study (Weeks 0-13) we found an unexpected decreasing concentration of
selenium in the control group. The decrease in selenium concentrations in the control group from
baseline to Week 13 and the potentially limited increase in selenium concentrations in the intervention
group were unexpected and are difficult to explain. One reason could be a seasonal variation in general
food intake or selenium content of specific foods that may influence the selenium intake. A few previous
studies have investigated seasonal variation in blood selenium concentrations. In accordance with the
present study, the lowest concentration of plasma selenium was found from October to December in an
older British population [38]. However, studies in other populations, including one in Danes [39], do not
support any seasonal variation in blood selenium concentrations [28,40,41].

To ensure that the measured blood concentrations of selenium were of dietary origin, use of supplements
containing selenium three months before study baseline was an exclusion criteria. An additional
explanation for the unexpected decreasing concentration in blood selenium during the first 13 weeks
could be that this washout period was too short. Nevertheless, when looking into pre-study users and
non-users of selenium-containing supplements we did not find a pattern indicating that the decrease in
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selenium blood concentrations among the control persons was more pronounced among pre-study
supplement users (Table 3).

The concentration of SelP may not have reached its maximum when looking at the whole blood
selenium concentrations reached from the intervention (expected concentration: 155 ng/mL, concentration
at study end: 125 ng/mL). An even higher intake of selenium through the diet may accordingly be
necessary to maximize SelP and thereby obtain the suggested preventive effect of selenium against
chronic diseases. However, the actual associations between SelP concentrations and cancer incidence
are unknown [42,43]. Genetic variations in selenoproteins have been suggested to influence the
concentration of the selenoproteins and thereby the response to intake of selenium [44]. This is a relevant
factor that may have influenced the individual SelP concentrations in our study population, but it was
not evaluated in the present study.

The present intervention indicated that it is difficult to increase the selenium blood concentrations
only by increasing the intake of selenium-rich foods, such as fish and mussels, particularly because the
concern about potential contaminants in fish must also be taken into account. Other potential strategies
for increasing the selenium intake and the subsequent selenium blood concentrations are, for example,
agronomic biofortification by adding selenium to fertilizers as a public-health solution or through intake
of dietary selenium supplements [12]. In Finland the former strategy has increased the plasma selenium
concentration from 70 ng/mL to 110 ng/mL in the healthy adult population [13]. Supplementation with
selenium has been evaluated in several studies and seems to be an effective way to increase blood levels
of selenium [26]. A long-term supplementation study has previously been conducted in a healthy Danish
study population showing that the mean plasma concentration was increased to 165 ng/mL when a
supplement with selenium-enriched yeast (100 pg/day) was given [7]. The selenium status suggested as
optimal for human health according to prevention of certain cancers is within a narrow range [2], which
may complicate the use of these strategies at population level.

5. Conclusions

In conclusion, we found that an increased intake of fish and mussels significantly increased the whole
blood selenium and plasma SelP concentration in a population with relatively low habitual dietary
selenium intake. However, the increase in selenium concentrations in the intervention group was lower
than expected.

Acknowledgments

We thank Nick Martinussen (data manager) and Jytte Fogh Larsen (project coordinator) for their
assistance with the collection and handling of data. We also thank Hanne Fredsge (hospital nurse),
Birthe Martensen (head nurse), Ole Bernth Jensen (biomedical laboratory technician), and Jonna Nielsen
(head biomedical laboratory technician) from the hospital of Thy-Mors for their assistance with
collecting blood samples and anthropometrical measurements. Furthermore, we thank Vera Lykkerask,
Lizzie Eriksen, and Marianne Hansen (laboratory technicians, National Food Institute, Technical
University of Denmark) for their technical assistance with determining whole blood selenium, plasma
selenium and plasma SelP concentrations. We would also like to thank Jens Kjerulf Petersen from the
Danish Shellfish Center for coordination and delivery of the experimental foods. The present study was



Nutrients 2015, 7 621

supported by funds from the Bjarne Saxhof Foundation. The Foundation had no influence on the design
and conduct of the study, management, analysis, and interpretation of the data or preparation of
the manuscript.

Author Contributions

A.O.,, AT, EH.L., K.O,, and M.O. designed and performed the study; M.O., J.C., and K.K.A.
conducted the data analysis; A.O., A.T., M.O., J.C., KK.A, K.O., and E.H.L. wrote the manuscript; and
M.O. had the primary responsibility for final contents. All authors read and approved the
final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Fairweather-Tait, S.J.; Bao, Y.; Broadley, M.R.; Collings, R.; Ford, D.; Hesketh, J.E.; Hurst, R.
Selenium in human health and disease. Antioxid. Redox Signal. 2011, 14, 1337-1383.

2. Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256-1268.

3. Burk, R.F.; Hill, K.E. Selenoprotein P: An extracellular protein with unique physical characteristics
and a role in selenium homeostasis. Annu. Rev. Nutr. 2005, 25, 215-235.

4. Moschos, M.P. Selenoprotein P. Cell. Mol. Life Sci. 2000, 57, 1836-1845.

5. Hurst, R.; Armah, C.N.; Dainty, J.R.; Hart, D.J.; Teucher, B.; Goldson, A.J.; Broadley, M.R;
Motley, A.K.; Fairweather-Tait, S.J. Establishing optimal selenium status: Results of a randomized,
double-blind, placebo-controlled trial. Am. J. Clin. Nutr. 2010, 91, 923-931.

6. Vinceti, M.; Dennert, G.; Crespi, C.M.; Zwahlen, M.; Brinkman, M.; Zeegers, M.P.; Horneber, M.;
D’Amico, R.; Del, G.C. Selenium for preventing cancer. Cochrane Database Syst. Rev. 2014,
3, CD005195.

7. Ravn-Haren, G.; Krath, B.N.; Overvad, K.; Cold, S.; Moesgaard, S.; Larsen, E.H.; Dragsted, L.O.
Effect of long-term selenium yeast intervention on activity and gene expression of antioxidant and
xenobiotic metabolising enzymes in healthy elderly volunteers from the Danish Prevention of
Cancer by Intervention by Selenium (PRECISE) pilot study. Br. J. Nutr. 2008, 99, 1190-1198.

8. Rasmussen, L.B.; Hollenbach, B.; Laurberg, P.; Carle, A.; Hog, A.; Jorgensen, T.; Vejbjerg, P.;
Ovesen, L.; Schomburg, L. Serum selenium and selenoprotein P status in adult Danes—=8-year
followup. J. Trace Elem. Med. Biol. 2009, 23, 265-271.

9. Rayman, M.P. The argument for increasing selenium intake. Proc. Nutr. Soc. 2002, 61, 203-215.

10. Combs, G.F., Jr. Selenium in global food systems. Br. J. Nutr. 2001, 85, 517-547.

11. Brown, K.M.; Arthur, J.R. Selenium, selenoproteins and human health: A review. Public Health Nutr.
2001, 4, 593-599.

12. Rayman, M.P. Food-chain selenium and human health: Emphasis on intake. Br. J. Nutr. 2008, 100,
254-268.



Nutrients 2015, 7 622

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Alfthan, G.; Eurola, M.; Ekholm, P.; Venalainen, E.R.; Root, T.; Korkalainen, K.; Hartikainen, H.;
Salminen, P.; Hietaniemi, V.; Aspila, P.; et al. Effects of nationwide addition of selenium to
fertilizers on foods, and animal and human health in Finland: From deficiency to optimal selenium
status of the population. J. Trace Elem. Med. Biol. 2014, doi:10.1016/j.jtemb.2014.04.009.

Fox, T.E.; van den Heuvel, E.G.; Atherton, C.A.; Dainty, J.R.; Lewis, D.J.; Langford, N.J.;
Crews, H.M.; Luten, J.B.; Lorentzen, M.; Sieling, F.W.; et al. Bioavailability of selenium from fish,
yeast and selenate: A comparative study in humans using stable isotopes. Eur. J. Clin. Nutr. 2004,
58, 343-349.

Fox, T.E.; Atherton, C.; Dainty, J.R.; Lewis, D.J.; Langford, N.J.; Baxter, M.J.; Crews, H.M;
Fairweather-Tait, S.J. Absorption of selenium from wheat, garlic, and cod intrinsically labeled with
Se-77 and Se-82 stable isotopes. Int. J. Vitam. Nutr. Res. 2005, 75, 179-186.

Robinson, M.F.; Rea, H.M.; Friend, G.M.; Stewart, R.D.; Snow, P.C.; Thomson, C.D.
On supplementing the selenium intake of New Zealanders. 2. Prolonged metabolic experiments
with daily supplements of selenomethionine, selenite and fish. Br. J. Nutr. 1978, 39, 589-600.
Meltzer, H.M.; Bibow, K.; Paulsen, I.T.; Mundal, H.H.; Norheim, G.; Holm, H. Different
bioavailability in humans of wheat and fish selenium as measured by blood platelet response to
increased dietary Se. Biol. Trace Elem. Res. 1993, 36, 229-241.

Saxholt, E.; Christensen, A.T.; Maller, A.; Hartkopp, H.B.; Ygil, K.H.; Hels, O.H. Danish Food
Composition Databank, Revision 7; Department of Nutrition, National Food Institute, Technical
University of Denmark: Lyngby, Denmark, 1 December 2008. Available online:
http://www.foodcomp.dk/v7/fvdb_search.asp (accessed on 1 December 2014).

Greenwald, P.; Anderson, D.; Nelson, S.A.; Taylor, P.R. Clinical trials of vitamin and mineral
supplements for cancer prevention. Am. J. Clin. Nutr. 2007, 85, 314S-317S.

Pedersen, A.; Fagt, S.; Groth, M.; Christensen, T.; Biltoft-Jensen, A.; Matthiessen, J.; Andersen, N.;
Karup, K.; Hartkopp, H.; Ygil, K.; et al. Dietary Habits in Denmark, 2003—-2008; Department of
Nutrition, National Food Institute, Technical University of Denmark: Lyngby, Denmark, 2010.
Available online: http://www.foedevarestyrelsen.dk/SiteCollectionDocuments/25 PDF_word_filer
%20til1%20download/07kontor/DanskernesKostvaner2010.pdf (accessed on 1 December 2013).
Stonehouse, W.; Pauga, M.R.; Kruger, R.; Thomson, C.D.; Wong, M.; Kruger, M.C.
Consumption of salmon v. salmon oil capsules: Effects on n-3 PUFA and selenium status. Br. J.
Nutr. 2011, 106, 1231-1239.

Robinson, M.F.; Thomson, C.D.; Jenkinson, C.P.; Luzhen, G.; Whanger, P.D. Long-term
supplementation with selenate and selenomethionine: Urinary excretion by New Zealand women.
Br. J. Nutr. 1997, 77, 551-563.

Nunes, J.A.; Batista, B.L.; Rodrigues, J.L.; Caldas, N.M.; Neto, J.A.; Barbosa, F., Jr. A simple
method based on ICP-MS for estimation of background levels of arsenic, cadmium, copper,
manganese, nickel, lead, and selenium in blood of the Brazilian population. J. Toxicol. Environ.
Health 2010, 73, 878-887.

Loeschner, K.; Hadrup, N.; Hansen, M.; Pereira, S.A.; Gammelgaard, B.; Moller, L.H.; Mortensen, A.;
Lam, H.R.; Larsen, E.H. Absorption, distribution, metabolism and excretion of selenium following
oral administration of elemental selenium nanoparticles or selenite in rats. Metallomics 2014, 6,
330-337.



Nutrients 2015, 7 623

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Bugel, S.; Larsen, E.H.; Sloth, J.J.; Flytlie, K.; Overvad, K.; Steenberg, L.C.; Moesgaard, S.
Absorption, excretion, and retention of selenium from a high selenium yeast in men with a high
intake of selenium. Food Nutr. Res. 2008, doi:10.3402/fnr.v52i0.1642.

Ashton, K.; Hooper, L.; Harvey, L.J.; Hurst, R.; Casgrain, A.; Fairweather-Tait, S.J. Methods of
assessment of selenium status in humans: A systematic review. Am. J. Clin. Nutr. 2009, 89,
2025S-2039S.

Longnecker, M.P.; Stram, D.O.; Taylor, P.R.; Levander, O.A.; Howe, M.; Veillon, C.; McAdam, P.A,;
Patterson, K.Y.; Holden, J.M.; Morris, J.S.; et al. Use of selenium concentration in whole blood,
serum, toenails, or urine as a surrogate measure of selenium intake. Epidemiology 1996, 7,
384-390.

Xia, Y.; Hill, K.E.; Li, P.; Xu, J.; Zhou, D.; Motley, A.K.; Wang, L.; Byrne, D.W.; Burk, R.F.
Optimization of selenoprotein P and other plasma selenium biomarkers for the assessment of the
selenium nutritional requirement: A placebo-controlled, double-blind study of selenomethionine
supplementation in selenium-deficient Chinese subjects. Am. J. Clin. Nutr. 2010, 92, 525-531.
Thomson, C.D.; Robinson, M.F.; Butler, J.A.; Whanger, P.D. Long-term supplementation with
selenate and selenomethionine: Selenium and glutathione peroxidase (EC 1.11.1.9) in blood
components of New Zealand women. Br. J. Nutr. 1993, 69, 577-588.

Clausen, J.; Nielsen, S.A. Comparison of whole blood selenium values and erythrocyte glutathione
peroxidase activities of normal individuals on supplementation with selenate, selenite,
L-selenomethionine, and high selenium yeast. Biol. Trace Elem. Res. 1988, 15, 125-138.

Larsen, E.H.; Hansen, M.; Paulin, H.; Moesgaard, S.; Reid, M.; Rayman, M. Speciation and
bioavailability of selenium in yeast-based intervention agents used in cancer chemoprevention
studies. J. AOAC Int. 2004, 87, 225-232.

Lassen, K.O.; Horder, M. Selenium status and the effect of organic and inorganic selenium
supplementation in a group of elderly people in Denmark. Scand. J. Clin. Lab. Investig. 1994, 54,
585-590.

Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From selenium to selenoproteins: Synthesis,
identity, and their role in human health. Antioxid. Redox Signal. 2007, 9, 775-806.
Moreda-Pineiro, J.; Moreda-Pineiro, A.; Romaris-Hortas, V.; Dominguez-Gonzalez, R.;
Alonso-Rodriguez, E.; Lopez-Mahia, P.; Muniategui-Lorenzo, S.; Prada-Rodriguez, D.;
Bermejo-Barrera, P. In vitro bioavailability of total selenium and selenium species from seafood.
Food Chem. 2013, 139, 872-877.

Rayman, M.P. The importance of selenium to human health. Lancet 2000, 356, 233-241.
Mozaffarian, D. Fish, mercury, selenium and cardiovascular risk: Current evidence and unanswered
questions. Int. J. Environ. Res. Public Health 2009, 6, 1894-1916.

Calatayud, M.; Devesa, V.; Virseda, J.R.; Barbera, R.; Montoro, R.; Velez, D. Mercury and selenium
in fish and shellfish: Occurrence, bioaccessibility and uptake by Caco-2 cells. Food Chem. Toxicol.
2012, 50, 2696-2702.

Bates, C.J.; Thane, C.W.; Prentice, A.; Delves, H.T. Selenium status and its correlates in a British
national diet and nutrition survey: People aged 65 years and over. J. Trace Elem. Med. Biol. 2002,
16, 1-8.



Nutrients 2015, 7 624

30.

40.

41.

42.

43.

44,

Thorling, E.B.; Overvad, K.; Heerfordt, A.; Foldspang, A. Serum Selenium in Danish Blood Bank
Donors. Biol. Trace Elem. Res. 1985, 8, 65-73.

Swanson, C.A.; Longnecker, M.P.; Veillon, C.; Howe, M.; Levander, O.A.; Taylor, P.R;
McAdam, P.A.; Brown, C.C.; Stampfer, M.J.; Willett, W.C. Selenium intake, age, gender, and
smoking in relation to indices of selenium status of adults residing in a seleniferous area.
Am. J. Clin. Nutr. 1990, 52, 858-862.

Garcia, M.J.; Alegria, A.; Barbera, R.; Farre, R.; Lagarda, M.J. Selenium, copper, and zinc indices
of nutritional status: Influence of sex and season on reference values. Biol. Trace Elem. Res. 2000,
73, 77-83.

Persson-Moschos, M.E.; Stavenow, L.; Akesson, B.; Lindgarde, F. Selenoprotein P in plasma in
relation to cancer morbidity in middle-aged Swedish men. Nutr. Cancer 2000, 36, 19-26.
Rayman, M.P. Selenoproteins and human health: Insights from epidemiological data. Biochim.
Biophys. Acta 2009, 1790, 1533-1540.

Meplan, C.; Crosley, L.K.; Nicol, F.; Beckett, G.J.; Howie, A.F.; Hill, K.E.; Horgan, G.; Mathers, J.C.;
Arthur, J.R.; Hesketh, J.E. Genetic polymorphisms in the human selenoprotein P gene determine
the response of selenoprotein markers to selenium supplementation in a gender-specific manner (the
SELGEN study). FASEB J. 2007, 21, 3063-3074.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	1. Introduction
	2. Methods
	2.1. Study Design
	2.2. Study Population
	2.3. Dietary Intervention
	2.4. Control Group
	2.5. Data Collection
	2.6. Power Analysis
	2.7. Randomization
	2.8. Blinding
	2.9. Chemical Analyses
	2.10. Statistical Methods

	3. Results
	3.1. Study Participants
	3.2. Baseline Characteristics
	3.3. Compliance
	3.4. Whole Blood Selenium
	3.5. Plasma SelP

	4. Discussion
	5. Conclusions
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	References

