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Abstract

The main objective of this work was to evaluate the interaction between selenium concentration in both commercial
and Se-enriched eggs and other essential/toxic elements (Ca, Mg, Fe, Zn, Pb, and Cd), taking into account a possible
synergic action of iodine. Commercial eggs were purchased from several sale points or directly from the producers
(farmyard eggs). Fortified eggs were obtained by supplementing chickenfeed for 6 weeks with Se as sodium selenite
(1.0 mg/g Se) or Se plus iodine (1.0 mg/g Se+3.7 mg/g I). Se in experimental egg yolks significantly increased over the
basic value by 39% in the Se group and 61% in the Se+I group, suggesting that I addition may enhance Se absorption.
Levels of Se in commercial yolks were identical in free-range, barn or battery eggs, but significantly lower in farmyard
and higher in organic eggs where the Se content approximated that found in Se fortified eggs. A significant reduction in
Cd was observed in Se+I treated yolks compared to both control and Se alone diet, thus suggesting a high sensitivity
of Cd to the detoxifying effect of Se combined with I. Furthermore, Se+I supplementation was associated with a
significant Zn reduction, a finding which needs clarification to avoid attempts to maximize one component affecting
the levels of other essential elements.
r 2008 Elsevier GmbH. All rights reserved.
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Introduction

Selenium (Se) is an essential trace element for animals
and humans. It is a component of several major
metabolic pathways, the antioxidant defence systems
and immune functions [1–3]. Chronic marginal Se
deficiency may enhance susceptibility to viral infection,
cancer, cardiovascular disease, thyroid dysfunction and
various inflammatory conditions [4–7]. Diet is the main
ee front matter r 2008 Elsevier GmbH. All rights reserved.
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source of Se in the general population and evidence
suggests that in some regions Se is declining in the food
chain [8–11]. In Italy, for instance, a study on mineral
intake of different population groups living in commu-
nities confirmed that Se can be below the recommended
dietary allowances, particularly among the elderly [12].
As a consequence, strategies to increase Se intake have
been implemented, such as Se fertilisation of crops and
vegetables, human and animal supplementation and
education to consume higher-Se foods. Another strategy
is to modify food composition through so-called
functional food [13–15].
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In addressing specific health concerns, particularly
protection against chronic disease, eggs deserve special
attention as they are an excellent dietary source of many
essential (e.g., protein, choline) and non-essential
(e.g., lutein/zeaxanthin) components which may pro-
mote optimal health [16]. In general, most trace minerals
are deposited in the yolk, whereas their concentration in
the white portion of the egg is limited [17–20]. Se
exhibits a variable distribution in egg yolk and ovalbu-
men depending on the chemical form of Se fed to the
hen. Organically bound and natural forms of Se, such as
selenomethionine and selenized yeast, promote deposi-
tion into egg white. Conversely, inorganic forms such as
selenite result in greater Se concentrations in egg yolk
[17,21–24].

Egg’s nutrient content can be modified by the
feed given to chickens, thus eggs with reduced content
of cholesterol and saturated fat and increased
vitamin E and omega-3 fatty acids have been produced
[25,26]. It is not surprising that by avoiding intake
of tablets, Se-enriched eggs have been designed
and introduced in various markets, but not in Italy
[27–31]. Concomitant enrichment with iodine is
also common in view of the well-known iodine
deficiency in many countries worldwide where this new
strategy could accompany existing salt iodization
programmes.

Most literature reports on Se and I enriched eggs
paid little attention to the possible interaction between
these two compounds and other minerals, even though
Se has been implicated in regulating or normali-
zing levels of other mineral nutrients at key sites in
the body [32]. Various in vivo and in vitro studies
reported that the absorption, distribution and reten-
tion of Zn, Fe, Cu were affected by either Se deficiency
or supplementation, but results are controversial and
need confirmation [33]. A role of Se alone or in
combination with Zn in decreasing the toxicity
of heavy metals such as cadmium and lead has been
documented in vegetables enriched through the soil
supplementation [34–38]. These interactions could be
stressed in the presence of iodine, as a synergism
between iodine and Se through the Se-dependent
peroxidase enzymes involved in iodine oxidation has
been suggested [39–42].

Considering that Se-enriched eggs are becoming
popular, and eggs remain a staple food in the
human diet throughout the world, this study selected
eggs as a model to study the relationship between
Se and other elements. Se was measured and its
possible role in counteracting Cd and Pb was investi-
gated in both experimental Se-enriched and Italian
commercial products. In addition, interactions with
Ca, Mg, Zn and Fe were analysed and a possible
synergic action with iodine was evaluated in supple-
mented eggs.
Materials and methods

Commercial eggs

Commercially available, fresh, class A eggs, selected
according to different production methods (organic,
free-range, barn or battery), were purchased from
several sale points by selecting different producers and
packaging centres, or directly from the producers
themselves on their own farms (farmyard eggs). A total
of 33 samples were analysed, consisting of pooled
samples from the same carton of six eggs each. For
organic, free-range, barn and farmyard eggs, six samples
each were taken, whereas for battery eggs nine samples
were taken. Eggs from barn, battery and free range are
characterized by different production systems regarding
the type of housing, but identical diet consisting in
industrial chickenfeed. In addition to living conditions
suitable for laying hens, organic eggs differed in the type
of diet which consists of organic certified cereals and is
richer in essential vitamins, minerals and trace elements.
The farmyard eggs selected for our study were from
hens nourished only with wheat or corn, with no other
addition.
Animals and experimental eggs

After a 25-day pre-experimental period to adapt
themselves to the diet, temperature and humidity
conditions, 54 18-week-old Warren laying hens with
similar body weight (2.0 kg) and egg parameters, were
divided into three groups of 18 birds each (six replicates
of three hens each) and allocated in cages (three animals
in each cage).

The composition of the complete basic diet was as
follows: corn 63%, soybean 24.20%, CaCO3 8.50%,
corn oil 1.90%, CaH2PO4 1.5%, NaCl 0.4%, methio-
nine 0.1%, vitamin–mineral premix 0.4%. The mineral
premix provided per kilogram of diet: 40mg Fe;
4mg Cu; 40mg Zn; 48mg Mn; 0.8mg I; 0.40mg Co;
0.16mg Se, according to the maximum permissible
values in the European Union (EU Council Directive,
2004) [43].

Throughout 6 weeks, animals received this complete
isonitrogenous and isoenergetic diet: (C) control group
fed with the complete diet in which Se measured was
0.4 mg/g; (Se) the Se group fed with the control diet plus
2.03 mg/g sodium selenite (reaching a final concentration
of 1 mg/g Se); and (Se+I) the Se+I group fed with the
control diet containing 2.03 mg/g sodium selenite plus
5.0 mg/g potassium iodide (reaching a final concentration
of 1 mg/g Se and 3.7 mg/g I).

During the experiment feed and water were provided
ad libitum and egg-laying rate and dietary intake were
recorded.
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Eggs were sampled during a 3-day period at 0 and at
42 days from the start of the experiment. Eggs collected
from each cage unit were mixed, and six samples from
each treatment were used to determine Se and other
minerals (Ca, Mg, Fe, Zn, Pb and Cd).
Methods

Egg whites and yolks were separated and stored in a
cold room at 2 1C until homogenization, then freeze-
dried. All samples were digested in a H2O2/HNO3 (1/3)
mixture in a microwave-irradiated closed vessel system
(Milestone, mod. Ethos) and subsequently brought up
to 10mL with deionized water. Se was determined
by fluorometry according to a slightly modified Olson
et al.’s [44] procedure as previously described [45].
Briefly, 5mL of EDTA were added to the digested
solution and the pH adjusted to 1.8; 5mL of 0.1% 2,3-
diaminonaphthalene (DAN) (Fluka) solution were then
added in a dark room, and the solution was heated to
50 1C for 30min. This allowed formation of the
fluorescent naphtho-2-seleno-1,3-diazole (4,5-benzo-
piazselenol) complex, which was extracted. Se was
determined by fluoro-spectrophotometry (Perkin-Elmer
model 204) equipped with a xenon power supply
(Perkin-Elmer model 150). The fluorescence of the
extracted complex was measured with the excitation
wavelength set at 375 nm and emission wavelength at
520 nm. Blanks and Se standard solutions were included
in each set of determinations.

Zinc, Fe, Mg and Ca were analysed by air-acetylene
flame atomic absorption spectrometry (Perkin-Elmer
A-analyst 200), whereas Pb and Cd were analysed
by graphite-furnace atomic absorption spectrometry
(Perkin-Elmer A-analyst 600 equipped with an auto-
sampler AS 800). The Ca determinations were per-
formed in 0.1% lanthanium solution to prevent
phosphate interferences. Instrument calibration stan-
dard solutions were prepared from commercial materi-
als. Analysis of the NIST Standard Reference Material
(SRM, No. 8415 whole egg powder) gave values
of 2.4270.21mg/g Ca (vs. a certified value of
2.4870.19mg/g), 310713 mg/g Mg (vs. a certified value
of 305727 mg/g), 120711 mg/g Fe (vs. 112716),
68.676.0 mg/g Zn (vs. 67.577.6), 1.4170.04 mg/g Se
(vs. 1.3970.17), 0.06170.006 mg/g Pb (vs. 0.0617
0.012), 0.00570.001 mg/g Cd (vs. 0.005). Mineral con-
centrations are expressed as dry weights (dw).

Statistical analyses were performed by SPSS/PC
v.12.0. All data were expressed as mean values and
standard deviations. Normality of data distribution was
tested by the Kolmogorov–Smirnov test. Paired Stu-
dent’s t-test was applied to test differences between the
beginning and end of each treatment. Pearson’ correla-
tions were performed to evaluate the relation between
elements. Comparison between groups (experimental
and/or commercial eggs) was made by one-way analysis
of variance (ANOVA) followed by a Bonferroni post-
hoc t-test. Differences at po0.05 were considered
significant.
Results

During the experimental trial, egg production
(C ¼ 46.3%, Se ¼ 41.2%, Se+I ¼ 49.7%) and feed
intake (C ¼ 119.1 g/d, Se ¼ 121.1 g/d, Se+I ¼ 112.9 g/d)
did not differ between groups and no significant difference
in hen weight or weight change was detected at the end of
the trial.

The average Se concentration in egg whites at the end
of each trial was low and did not change with treatment
(control: 0.1570.02; Se diet: 0.1570.04; Se+I diet:
0.1470.01 mg/g dw, respectively), thus only yolks were
considered for this study.

Fig. 1 shows yolk Se content before and after
treatment. Se content before treatment did not differ
in the three groups. After supplementation with Se, Se
concentration was 1.5-fold higher than unsupplemented
yolk, and the increase was statistically significant. Se in
yolks from hens fed with Se+I was even higher, and
differed significantly from both control and Se group.
By comparing pre- and post-trial yolks, both supple-
mented groups revealed a significant Se increase over
the respective pre-treatment value. As a mean, a 39%
increment for Se group (1.60 vs. 1.15 mg/g dw, po0.001)
and 61% for Se+I group (1.98 vs. 1.23 mg/g dw,
po0.001) was observed.

Table 1 presents the element’s content in the experi-
mental yolks at the end of treatment. Se enrichment was
associated with a Zn reduction which reached statistical
significance in the Se+I group. This combined treat-
ment was also associated with a non-significant reduc-
tion in Pb levels and a significant decrease in Cd content
(po0.05). These results were confirmed by the existence
of a significant negative correlation between Se and Zn
(r ¼ �0.525, po0.001) and Cd (r ¼ �0.458, po0.05) in
experimental yolk at the end of treatment, not found
before treatment.

The levels of essential and toxic elements in commer-
cial egg yolks did not differ according to the category,
except for Se and Cd as shown in Table 2. Free-range,
barn- and battery eggs had identical Se content, organic
yolks the highest value and farmyard yolks the lowest,
both significantly different from any other category
(po0.05). Cd concentration was significantly lower in
organic and farmyard yolks compared to the barn
category. Furthermore, Pb content was significantly
lower (0.16 vs. 0.28 mg/g dw, po0.05) in farmyard yolks
compared with the other categories taken together. Cd
was positively related to Pb in both experimental
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Table 1. Content of elements in experimental egg yolks at the

end of treatment (mean7SD)

Element Group (n)

Control (6) Se (6) Se+I (6)

Ca (mg/g dw) 1.7870.17 1.7770.32 1.9270.32

Mg (mg/g dw) 189.5712.4 201.3729.2 188.7730.3

Fe (mg/g dw) 118.279.1 112.877.9 118.378.1

Zn (mg/g dw)� 97.3721.3 86.3716.3 65.3715.3(a)

Pb (mg/g dw) 0.2570.19 0.3970.22 0.1770.10

Cd (ng/g dw)�� 14.9876.73 15.8878.67 6.5371.00(b)

Eggs collected from each cage unit were mixed, and six samples from

each treatment were used.
�F ¼ 6.42, po0.005; (a)po0.05 vs. control.
��F ¼ 3.94, po0.05; (b)po0.05 vs. other categories.
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Fig. 1. Yolk Se content in both control and fortified eggs before and after treatment (mean7SD). Eggs collected from each cage

were mixed, and six samples from each treatment were analysed.
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(r ¼+0.639, po0.005) and commercial eggs
(r ¼+0.419, po0.02). No other correlations between
elements were found.

A direct comparison between experimental and
market eggs in Se content expressed as total amount
per yolk (assuming a mean yolk dw of 8.5 g) is presented
in Fig. 2. Se content was significantly lower in market
eggs compared to fortified products, except organic
eggs which exhibited levels similar to those measured in
Se-enriched eggs.
Discussion

Our study confirms that eggs containing 40–60%
more Se in yolks can be produced by adding non-toxic
levels of Se as sodium selenite in chicken feed. Our
results also provide new information on the interaction
between Se, I and other elements, an aspect scarcely
evaluated in previous investigations [30]. First of all, we
demonstrated that a synergism between Se and I exists.
When iodine was added to the feed together with Se, the
Se increment in yolks was significantly higher than in
eggs treated with Se alone, suggesting that I enhances Se
absorption and that the two elements act synergically.
This is noteworthy as many fortified foods are enriched
with both Se and I, and concerns about the potential
for unacceptably high intakes need to be addressed,
particularly in people consuming very large amounts of
enriched food [46].

The second interesting result is the possible role of
Se+I in detoxifying eggs towards Cd and Pb accumula-
tion. Eggs treated with Se+I contained only 1.8 times
more Se, but this increment was associated with a
significant reduction in Cd and, to a lesser extent, Pb,
despite very low concentrations of the two toxic
elements in our study, and in eggs generally. Unfortu-
nately, we did not measure iodine accumulation and we
cannot clarify whether the effect is due to the higher-Se
accumulation and/or to iodine. However, our results are
in line with many studies supporting the protective effect
of Se against Cd and other heavy metals [34,37,47,48].
A significant decrease of Cd was observed in both
kidney and liver of mice acutely exposed to this metal
after an 8-week daily Se supplementation [49].

Among the negative effects of supplementation, the
Se+I diet was associated with a significant reduction in
Zn, suggesting an antagonistic effect between these
essential elements. Although we do not know whether
this is due to the interaction of Se with I, or simply to
the higher-Se accumulation, the Se/Zn interaction has
been reported in vegetables following soil enrichment
with Zn and Se, since Se alone depressed Zn while Zn
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Table 2. Yolk mineral content of commercial eggs according to the studied categories

Element (mean7SD)

Category (n) Ca (mg/g dw) Mg (mg/g dw) Fe (mg/g dw) Zn (mg/g dw) Se�� (mg/g dw) Pb (mg/g dw) Cd� (ng/g dw)

Organic (6) 2.0770.17 189.8716.5 120.5712.0 82.475.3 1.3870.14(a) 0.2870.15 7.3874.75(a)

Free range (6) 2.0970.47 189.7717.6 119.178.2 77.676.0 1.0470.23 0.2670.10 10.4372.29

Barn (6) 1.9370.13 192.7710.7 130.176.9 78.175.6 1.0470.17 0.3270.07 14.5073.32

Battery (9) 2.0070.2 200.8712.1 128.5713.2 80.274.1 1.0470.19 0.2670.15 11.1874.98

Farmyard (6) 1.8870.26 213.0725.8 120.9717.3 81.474.6 0.7070.15(b) 0.1670.06 8.4074.75(b)

�F ¼ 2.90, po0.05; (a), (b)po0.05 vs. the barn category.
��F ¼ 9.30, po0.001; (a), (b)po0.05 vs. all the other categories.

0

Se+I

Se

organic

control diet

free-range

barn

battery

farmyard

µg Se/yolk

**

*

F = 30.85, p<0.001

* p< 0.05 vs each other category except organic eggs  

** p< 0.05 vs each other category

2015105

Fig. 2. Se amount per yolk in experimental (grey bars) and commercial eggs (white bars) according to their content (mean7SD).
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alone depressed Se assimilation [37]. An inverse relation
between Se and Zn was also reported in an Italian
longitudinal study on human milk from full-term and
preterm mothers [50]. On the other hand, the similarity
of Zn and Se, which are both 4th period elements with
similar atomic numbers, may explain their antagonism.

Chickenfeed supplementation with sodium selenite in
our experiments caused an accumulation of the Se in egg
yolk not in ovalbumen. This finding is in line with
evidence that the chemical forms of Se can influence its
distribution as selenomethionine and selenized yeast is
mainly deposited in egg white, while inorganic Se or
non-selenomethionine compounds are mainly deposited
in yolk [21–24]. In addition, inorganic forms of Se are
added to the basic diet of our hens, as sodium selenite
and selenate are the only forms admitted to satisfy Se
needs of poultry in Europe [43]. As the basic level of Se
in yolk of experimental eggs was similar to that found
in commercial eggs, we confirmed that inorganic Se
compounds actually are the chemical forms used in
poultry feeding. For all these considerations and the
limited amount of Se and other elements in ovalbumen,
we did not conduct trace element analyses on this
matrix. Although it is well-known that Se in yolk, white
and total egg varies in the literature [51], the lower Se in
ovalbumen was always confirmed. Basic values reported
in experimental studies ranged from 0.10 to 0.474 mg/g
for yolk and from 0.039 to 0.087 mg/g for fresh mass
in ovalbumen [17,20,51–53]. In dry weight, Se in yolk
ranged from 0.71 to 1.34 and in white from 0.56
to 0.75 mg/g dw, due to the higher water content of
ovalbumen [24,38,51]. This variability was also con-
firmed when values were reported as Se content for egg,
ranging from 5 to 18.04 mg/egg [24,27,28,54].

The reported results were obtained by increasing the
basic diet containing 0.4 mg/g of Se, according to the CE
regulation establishing a maximum content of 0.5 mg/g,
up to 1 mg/g in the treatment groups. The selected
concentration is far below the toxic levels of 10.0 mg/g
dw for laying hens [55]. No significant negative effects
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on egg production or characteristics were observed, and
no signs of toxicity were observed in treated hens [29].
Under these experimental conditions, Se concentration
rose from 1.08 to 1.60–1.98 mg/g and the results are in
agreement with other studies using sodium selenite as Se
source [24,31,53,56,57].

Eggs from free-range, barn and battery-grown hens,
characterized by different systems of production but
identical diets, exhibited Se content similar to that found
in the non-treated experimental group (1.04 mg/g).
Instead, a difference was noted in farmyard and organic
egg categories, having different diets. Our farmyard hens
were nourished with wheat or corn with no other
additions, and as a result the yolks were poorer in Se
and toxic elements, particularly Cd. The reason for a
lower Se content in yolks may depend on the fact that
the major seleno-compound in corn is selenomethionine,
known to deposit mainly in egg white [21,58]. Interest-
ingly, Robberecht et al. [51] reported similar differences,
with a slightly lower yolk Se content in farm eggs
compared with commercial eggs (0.74 vs. 0.90 mg/g dw).
The lower content of Pb and Cd may result from a
non-industrial chickenfeed processing, as feed manip-
ulation can introduce toxic substances. The lower Cd
content in organic eggs could depend on a lower Cd
contamination of the soil and the ecosystem on which
organic crops and livestock are raised, together with
the absence of synthetic pesticides and chemical
fertilizers which may contain amounts of toxic metals
such as Cd [59–61]. This finding and the higher-Se
content, which resembles that found in Se-enriched
eggs, is of particular interest as organic commercial
products are receiving growing attention in industria-
lized countries. The reason for the higher-Se content of
these eggs could depend on a higher-Se addition in the
diet and/or on the geographic area where organic wheat
is grown [62].

Our study indicates that eggs experimentally enriched
in Se can be a good nutritional product to help achieve
the daily recommended amount of this antioxidant.
From our results, one commercial egg can provide from
6.0 to 11.7 mg/yolk of Se, whereas an Se-enriched egg can
provide 13.6 mg/yolk Se, corresponding to 24.8% of the
recommended intake in Europe (55 mg/d) or 19.4% in
the USA (70 mg/d). This intake is of relevance especially
among certain categories of people at risk of Se
deficiency such as the elderly [12,30].

Se-enriched food may be a convenient and easy way
to improve Se nutrition in humans, but concomitant
enrichment with iodine is always more common.
A novel finding in our study is that the association of
Se with I increases the yolk Se content and counteracts
the assimilation of noxious elements like Cd and Pb, but
a possible negative interference with essential elements
like zinc was disclosed. Thus, the introduction of Se+I
fortified eggs in the market requires attention pending
in-depth investigations to clarify the interrelationships
between Se, I and Zn.
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