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ABSTRACT: The effect of selenium-enriched defatted rapeseeds (DRS) added to the diet on Se uptake by 
rat organisms (whole blood, liver, kidney) was investigated in model conditions. Additionally, the response of 
other essential trace and major mineral elements (Cu, Ca, Fe, K, Mg, Mn, P, S, and Zn) in rat organisms on 
selenium and/or DRS addition was assessed. The experimental diets for the individual experimental groups 
were prepared as follows: group DRS 0 (control diet), group DRS 30 (30% of soybean meal in the diet replaced 
with DRS), group DRS60 (60% of soybean meal in the diet replaced with DRS), and group DRS100 (100% of 
soybean meal in the diet replaced with DRS), either unenriched or naturally fortified with Se. Whereas Se con-
tent in the blood and liver of the animals remained unchanged, increased Se levels were observed in kidney of 
the selenized DRS100 group compared to the others. Moreover, the results showed decreasing Cd content in 
the rat liver with increasing Se content in the diet, confirming antagonism of these elements. Concerning the 
essential elements, the application of the selenized DRS did not result in any serious imbalance in the utilization 
of these elements. In contrast, Se addition seems to be helpful for the improved utilization of essential elements 
such as P, S, and Zn, compared to the DRS-containing diet without Se fortification.
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INTRODUCTION

Selenium (Se) is an essential trace element in-
volved in various biochemical and physiological 
processes. However, there is a narrow range be-
tween essential and toxic levels in animals and 
humans (Kieliszek and Blazejak 2013). Se is in-
corporated into proteins to make selenoproteins, 
some of which are important antioxidant enzymes. 
The antioxidant properties of selenoproteins help 

prevent cellular damage due to free radicals. Suf-
ficient Se status has antiviral effects, is essential 
for successful male and female reproduction, and 
reduces the risk of autoimmune thyroid disease 
(Rayman 2012). Some authors assume that the 
additional health benefits of Se, such as improved 
immune system and reduced cancer risk, require 
higher than the currently recommended daily 
intake (Terry et al. 2000; Rayman 2008). On the 
contrary, low status has been associated with in-
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creased risk of mortality, poor immune function, 
and cognitive decline (Rayman 2012). There is 
increasing evidence that the harmful effects of the 
sub-optimal Se intake would significantly decline 
if additional Se was made available either through 
supplementation or fortification of certain foods 
(Schrauzer 2009). However, the unregulated intake of 
dietary or pharmacological Se supplements, mainly 
in inorganic form, has potential to expose the body 
tissues to toxic levels of Se with subsequent negative 
consequences for DNA integrity (Brozmanova et al. 
2010). There are various approaches for dietary Se 
supplementation, where the addition of selenized 
yeast is frequently considered as the efficient one, 
because yeast species such as Saccharomyces cer-
evisiae, Candida utilis, and Yarrowia lipolytica are 
able to accumulate substantial amount of Se in their 
cells (Rayman 2004; Kieliszek and Blazejak 2013; 
Kieliszek et al. 2015).

Increased dietary intake of Se can result in various 
changes in the uptake and accumulation of other 
essential elements. The intensity of the inter-
element interactions in rat organisms depends on 
the intake of individual elements. Yu and Beynen 
(2001) combined low, normal, and high levels of Cu 
and Se in the rat diet. In rats fed either low or nor-
mal amounts of Se, higher intake of Cu decreased 
Se absorption and increased urinary excretion. In 
contrast, no similar effects were observed in rats 
fed the high-Se diet. The elevated Cu content in the 
diet resulted in increased Se content in liver and 
kidney of rats fed the normal Se diet; interestingly, 
no effects were reported for low or high levels of 
Se in the diet. Similarly, Monedero-Prieto et al. 
(2014) investigated the response of Se supplemen-
tation in rats on Zn, Fe, Cu, and Mn levels in liver 
and muscle, as well as urinary excretion of these 
elements (Zn, Cu, Fe, and Mn) under oxidative 
stress (protein deficiency). Alterations in excre-
tion and/or tissue deposition were observed only 
in the case of Cu and Fe. Dietary supplementation 
with Se and Zn resulted in increasing Se content 
in lumbar muscle of lambs, whereas Zn content 
remained unchanged (Gabryszuk et al. 2007). 
Special attention was paid to the Se interaction 
with toxic elements, especially Cd. Sasakura and 
Suzuki (1998) proved complexation mechanisms 
of Cd with selenoprotein P. Lazarus et al. (2009) 
showed a more substantial decrease in blood Cd and 
Se in rats exposed to both elements compared to 
those exposed to them individually. In the rat liver, 

Cd accumulation decreased in Se-supplemented 
animals compared to the rats exposed solely to 
Cd, as well. Thus, a decrease of Cd deposition in 
rat tissues due to the Se application seems to be 
one of the mechanisms working against Cd toxic 
effects. The abovementioned results indicate that 
the potential inter-element interactions should be 
taken into account when investigating the beneficial 
effects of Se supplementation in the animal diet. 

Some regions in Europe including the Czech 
Republic are characterized by low soil Se levels. 
Szakova et al. (2015) determined the Se content 
in the above-ground biomass of wild plant spe-
cies growing in two uncultivated meadows at two 
different locations with low Se content in the soil. 
This factor, together with low plant availability, 
resulted in low Se content in the above-ground 
biomass of plants, regardless of location, soil pa-
rameters, and Se level in the soil. As verified by 
Broadley et al. (2010) in field conditions, a foliar 
application of 10 g Se (applied as selenate) per ha 
would increase the Se concentration in wheat grain 
10-fold from current ambient levels. Therefore, 
this approach seems to be effective for crop Se 
biofortification. Brassica species are efficient in 
Se accumulation and therefore are good sources 
for Se biofortification purposes. The Se specia-
tion analyses were performed in the selenized and 
non-selenized rapeseed plants (Brassica napus) 
and selenate, selenocysteine, Se-methylseleno-
cysteine, and one as yet unidentified Se species 
were found in extracts of control plants. In addi-
tion, the extracts of the fortified plant contained 
selenomethionine (Klognerova et al. 2015). The 
results indicated the effect of climatic conditions 
and soil physicochemical parameters on the pro-
portional representation of each species, as well. 
The residual fraction obtained after oil process-
ing of Brassica seeds, defatted rapeseeds (DRS), 
is an important protein source in animal diets 
where imported soybean meal can be effectively 
replaced. High accumulation of Se in the seeds 
and meal (1.92–1.96 μg Se/g ) was detected. The 
Se speciation studies showed that up to 85% of the 
total Se in the meal was selenomethionine, whereas 
other Se species were not identified (Seppanen 
2010). Similarly, Balan et al. (2014) determined 
selenomethionine as the predominant Se species 
in the rapeseed meal. 

Tvrda et al. (2015) proved that the substitution 
of soybean meal by 00-quality DRS (represent-
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ing 15% of the total diet) in the rat diet did not 
show any harmful effect on the biochemical and 
haematological response of the rat organisms. 
Moreover, Banuelos and Mayland (2000) reported 
increased Se values in blood and excreta of cows 
fed Se-enriched dried Brassica napus aboveground  
biomass (containing approximately 3.5 mg Se/kg 
in dry matter). Thus, the addition of the selenized 
DRS could be an effective measure to increase 
the selenium status of farm animals in the Czech 
Republic. In the present work, the effect of Se-
enriched DRS added to diet on the Se uptake by 
rat organisms was investigated under model condi-
tions. Additionally, the response of other essential 
and toxic elements in rat bodies to Se and/or DRS 
addition was assessed, too. 

Hypothesis: the optimized rate of selenized DRS 
in the rat diet will not affect the uptake or distri-
bution of essential major and trace elements in 
the rat organism, whereas levels of toxic elements 
(especially Cd) will decrease.

MATERIAL AND METHODS

Experimental design. Male Wistar Kyoto rats 
(average body weight ~200 g) were obtained from 
the breeder (Velaz, Prague, Czech Republic) at 
30 days of age and housed in cages (one animal 
per cage) in a room with controlled temperature 
(23–25°C) under natural light conditions. The 
experiment was repeated twice. In the first experi-
ment (called Control DRS), the untreated DRS was 
applied. In the second experiment (called selenized 
DRS), the DRS was prepared from the rapeseed 
treated by foliar application of Na2SeO4 in the Se 
amount corresponding to a rate of 50 g Se/ha. For 
the control DRS experiment, 24 animals were used, 
and the animals were randomly divided into four 
groups of six animals each. For the selenized DRS 
experiment, 32 animals divided in four groups of 
eight animals each were used; the animals were 
fed a semi-synthetic diet according to the experi-
mental design for 47 days in the case of the control 
DRS experiment and for 60 days in the case of the 
selenized DRS experiment, respectively. Feed and 
water were supplied to the animals ad libitum. 
Feed consumption and body weight of the animals 
were monitored weekly.

The control group was fed with the untreated semi-
synthetic diet consisting of 50% wheat coarse meal, 
13% fish meal, 14% soybean meal, 0.28% CaHPO4,  

1.12% limestone, 4% alfalfa hay, 1% mineral ad-
ditives (AMINOVITAN STER PLUS, Biofaktory 
Ltd., Prague, Czech Republic), 7.5% feeding yeast, 
4.5% wheat germ, and 10% oat meal. In the case of 
DRS-treated groups, defined portions of soybean 
meal were replaced by the defatted DRS prepared 
from the oilseed rapeseeds of the 00-quality variety 
NK Oktans as follows: the seeds were milled and 
defatted in the Soxhlet apparatus (P-LAB, Prague, 
Czech Republic) using hexane as the extraction 
agent for 4 h. Subsequently, the meal was dried at 
105°C for 2 h and homogenized. The individual 
experimental groups were given the following ex-
perimental diets: group DRS0 (control diet), group 
DRS30 (30% of soybean meal in the diet replaced 
with DRS), group DRS60 (60% of soybean meal in the 
diet replaced with DRS), and group DRS100 (100% 
of soybean meal in the diet replaced with DRS). 
The nutritional characteristics of the DRS were as 
follows: proteins 30.5%, lipids 2.5%, metabolizable 
saccharides 18.4%, dietary fibre 35.4%, ash 6.7%, 
water 6.5%, metabolizable energy 938 kJ/100 g.

At the end, the animals were euthanized by ex-
sanguination after being anesthetized with Xylapan 
(xylazine) and Narketan (ketamine), and whole 
blood and liver were sampled. The sampled tissues 
were kept at –18°C and freeze-dried; aliquots of 
blood samples were stored in heparinized tubes. 

Analytical methods. For the determination of 
element levels in freeze-dried and homogenized 
animal tissues and diets, an aliquot (~500 mg of 
dry matter) of the sample was weighed in a di-
gestion vessel. Concentrated nitric acid (8.0 ml) 
(Analytika Ltd., Prague, Czech Republic) and 30% 
H2O2 (2.0 m) (Analytika Ltd.) were added. The 
mixture was heated in an Ethos 1 (MLS GmbH, 
Leutkirch im Allgäu, Germany) microwave-assisted 
wet digestion system for 30 min at 220°C. After 
cooling, the digest was quantitatively transferred 
to a 25 ml glass tube, topped up with deionized 
water, and kept at laboratory temperature until 
measurements were taken. For the element mea-
surements of whole blood, the same decomposi-
tion procedure was applied, where 0.3 ml of the 
whole-blood sample was taken for the analysis.

Se content in the digests was measured by in-
ductively coupled plasma mass spectrometry 
(ICP-MS) (Agilent 7700x; Agilent Technologies 
Inc., Santa Clara, USA). The ICP-MS system was 
equipped with auto-sampler ASX-500, a three-
channel peristaltic pump, and a MicroMist nebu-
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lizer. Inductively coupled plasma-atomic emission 
spectrometry (ICP-OES) (Agilent 720; Agilent 
Technologies Inc.) equipped with a two-channel 
peristaltic pump, a Struman–Masters spray cham-
ber, and a V-groove pneumatic nebulizer made of 
inert material was applied for the determination 
of Cd, Cu, Fe, Mn, Zn, P, and S levels in the di-
gests. The experimental conditions were as fol-
lows: power of 1.2 kW, plasma flow of 15.0 l/min,  
auxiliary flow of 0.75  l/min, nebulizer flow of 
0.9 l/min. Flame atomic absorption spectro- 
metry (F-AAS) (Varian 280FS; Varian Australia Pty 
Ltd., Mulgrave, Australia; air flow of 13.5 l/min,  
acetylene f low of 2.2 l/min, burner height of 
13.5 mm, nebulizer uptake rate of 5 ml/min)  
was used for Ca, Mg, and K determination in the 
digests. 

Statistical analysis. The analytical data were 
processed using MS Excel 2007 and STATISTICA 12 
CZ statistical software. One-way analysis of vari-
ance (ANOVA) at a significance level of α = 0.05 
followed by Tukey’s test were applied to the data. 

RESULTS AND DISCUSSION

Se and other essential element uptake by rats. 
The addition of both selenized and non-selenized 
DRS did not significantly affect the body weight of 
the animals at the end of the experiment. Animal 
weight was 463 ± 28 g for group DRS30 and 500 ± 
46 g for DRS100 without any significant differ-
ence for control DRS. Animal weight was 496 ± 
44 g for group DRS60 and 545 ± 65 g for DRS100 
without any significant difference for selenized 
DRS regardless of the DRS rate. Therefore, in ac-
cordance with reported studies (Hill 1991; Smithard 
1993), our results confirm that in the temperate 
climate, DRS can replace soybean meal as the 
most important protein-rich feed component. 
Table 1 indicates that the DRS addition did not 
result in any significant change in trace or major 
element content in the experimental diet, except 
the stepwise increase in Se level in the selenized 
DRS experiment. With regard to toxic elements, 
the diets contained detectable levels of Cd varying 
between 0.16 ± 0.03 mg/kg for DRS0 and 0.13 ± 
0.01 mg/kg for DRS100, without any significant 
difference between the experimental groups. To 
evaluate the risk associated with Cd content, the 
results were compared with Directive 2002/32/EC  
on undesirable substances in animal feed, which 

sets the maximum permissible limit of Cd for feed-
ing mixtures of 1 mg/kg. Although the Cd levels 
in the diets were far below this limit, its impact 
on Cd accumulation in rat tissue was assessed 
within this investigation. 

The element levels in the whole blood of animals 
are summarized in Table 2, showing a negligible 
effect of the control DRS on element levels. Al-
though the Se blood levels remained unchanged 
within the selenized DRS experiment, substan-
tial changes in some elements were observed. Fe 
content significantly (P < 0.05) decreased in the 
DRS100 group compared to the DRS0 group (by 
20%), suggesting Se–Fe antagonism (Watts 1994). 
Similarly, decreasing concentrations in whole 
blood with increasing Se content in the diet were 
observed for other elements such as Mg, Mn, and 
P, whereas K concentrations tended to increase 
in the DRS30 and DRS60 groups. No Se-induced 
changes were observed for blood levels of Cu and 
Zn, the other elements involved in antioxidative 
processes. Similar observations were reported 
by Tomza-Marciniak et al. (2011) for the blood 
of cattle. The authors reported an insignificant 
decrease in the mentioned elements only. As far 
as Ca and S are concerned, their concentrations 
in rat blood remained unchanged.

The decreasing (P < 0.05) Cu level and increas-
ing Mn level in kidney tissue were observed with 
increasing DRS proportion in the rat diet in the case 
of the animals from the control DRS experiment 
(Table 3). The application of selenized DRS resulted 
in increased Se levels in the kidney tissues of the 
DRS100 group animals. No significant differences 
in the levels of Cu and Mn were found among the 
animal groups within the selenized DRS experi-
ment compared to the control DRS group, where 
the Cu levels decreased and Mn levels increased 
(P < 0.05). These findings indicate the potential 
improvement of Cu and Mn status in the kidney 
tissues due to the addition of Se to the diet and 
suppression of the disturbances in Cu and Mn 
uptake by the rats. Fe levels in the rat kidney de-
creased with increasing Se content (P < 0.05), as 
in the case of whole blood. Although Schrauzer 
(1984) reviewed the findings documenting the 
Se–Zn antagonism in various tissues, no unam-
biguous relationships were observed in this study 
or in the case of other investigated elements (Ca, 
P, Mg, Mn, P, and S). Potential interactions of Se 
and Zn have already been widely discussed, but 
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the available findings are often contradictory. For 
instance, Lazarus et al. (2009), Ghazi et al. (2012), 
and Monedero Prieto et al. (2014) concluded that 
dietary Se had no effect on Zn levels in rats and 
chicken. Chmielnicka et al. (1988) observed in-
creasing Zn content in rats exposed to single-dose 
applied inorganic Se. These findings indicate that 
the potential effect of Se on the other essential 
elements depends on many factors such as ani-
mal species, Se dose, Se species applied, single vs 
long-term Se application etc.

In the rat liver (Table 4), no significant changes 
in levels of Se or the other elements examined 
were observed. A slight decrease in P, S, and Zn 
levels was observed in the control DRS experi-
ment, whereas no changes occurred in the case 
of selenized DRS groups of animals. Therefore, 
similarly as for kidney, the results indicated that 
the increased Se intake via the selenized DRS 
could correct the potential imbalances in uptake 
and deposition of essential elements caused by 
the addition of DRS to the diet. These findings 
are still speculative; therefore, further thorough 
investigation is needed to confirm or decline this 
hypothesis.

Interactions of elements in rats according to the 
Se uptake. The interactions among the essential 
elements as affected by changing Se intake are 
very variable, confirming the role of Se rate and/
or application mode. The effect of Se deficiency 
on the rat tissue distribution of the essential trace 
elements associated with oxidant and/or anti-
oxidant processes (i.e. Fe, Mn, Cu, and Zn) was 
investigated by Giray et al. (2003), who found that 
especially Fe and Mn levels were the most altered 
in the investigated tissues. The age-dependent 
changes in Fe and Zn levels in rat liver under Se 
deficiency were reported by Matsumoto et al. 
(2009). However, no changes in Fe or Zn levels 
in the liver of Se-deficient rats were observed by 
Kotyzova et al. (2010). In contrast to Fe and Zn, 
the Cu levels in rat liver tissue increased as a result 
of Se deficiency. Yamasaki et al. (2011) observed 
decreased biliary excretion of Se, As, Mn, Fe, and 
Zn under Se-deficient conditions compared with 
that in normal rats and the enhanced biliary ex-
cretion of Mn and As in Se-adequate conditions. 
These observations were related to the element 
complexation with glutathione (GSH). Chalabis-
Mazurek and Walkuska (2014) investigated the 
potential impact of Se dietary supplementation  

(0.2 mg Se/day/animal) on the essential element 
levels in the serum and liver of lambs. They ob-
served that the Se supplementation significantly 
increased the Se concentration in both serum and 
liver of lambs but altered the levels of other es-
sential trace elements such as Mn, Zn, Cu, and Fe. 
The decrease in Zn, Cu, and Fe and the increase in 
Mn levels in the liver were reported in their experi-
ment, while the decrease of Cu and Fe levels even 
indicated the state of deficiency. Improvement of 
reproduction parameters (i.e. testis index, sperm 
count and motility, sperm malformation, etc.) of 
male rats orally exposed simultaneously to Se and 
Zn was observed by Yu et al. (2014). Predominantly, 
these results are based on relatively high Se sup-
plementation levels, whereas our investigation 
simulated the real situation connected with the 
application of selenized DRS.

In our experiment, whereas the Cd concentrations 
in the whole blood were under the detection limits 
of the analytical technique, the Cd levels in the 
liver and kidney of the rats seemed to be related 
to the Se levels in the diet. The Cd levels in the 
liver within the selenized DRS experiment were 
0.09 ± 0.03 mg/kg for DRS0, 0.08 ± 0.01 mg/kg  
for DRS30, 0.05 ± 0.01 mg/kg for DRS60, and 
0.05 ± 0.01 mg/kg for DRS100. The statistical 
evaluation of the data showed a significant (P < 
0.05) decrease in Cd levels with increasing Se rate 
in the diet. For kidney, the Cd levels within the 
selenized DRS experiment were 0.10 ± 0.03 mg/kg 
for DRS0, 0.11 ± 0.04 mg/kg for DRS30, 0.08 ± 
0.02 mg/kg for DRS60, and 0.07 ± 0.02 mg/kg for 
DRS100. Although the differences between the 
experimental groups were not significant in this 
case, the results showed a declining Cd content 
tendency with increasing Se rate, as well. There-
fore, the results indicated the protective effect 
of Se against Cd accumulation in the rat tissues 
because no changes in Cd levels in liver (varying 
from 0.08 to 0.09 mg/kg) and kidney (varying from 
0.10 to 0.11 mg/kg) of the control DRS group were 
observed regardless of the DRS rate.

Se activity against Cd-induced oxidative stress 
has been already widely investigated. For instance, 
the ameliorative effects of Se have been proved 
in rats on Cd-induced immunosuppression as 
well as on hepatic and renal oxidative damage 
(El-Boshy et al. 2015), or the decrease in catalase 
and superoxide dismutase activities (Dzobo and 
Naik 2013). Similarly, the protective effect of Se 



503

Czech J. Anim. Sci., 61, 2016 (11): 496–505 Original Paper

doi: 10.17221/88/2015-CJAS

against the Cd-induced decrease of the rate of 
protein synthesis in mice organs was described 
by Staneviciene et al. (2014), although Se did not 
affect the metallothionine content in mouse liver 
(Bernotiene et al. 2013). Under Cd stress, lower 
Cd accumulation was found in the livers of the Se-
deficient rats compared to those with normal Se 
intake (Kotyzova et al. 2010); these interactions will 
need more detailed investigations. The decreasing 
trend of Cd concentrations in blood serum that 
followed the increasing Se serum concentrations 
was reported by Tomza-Marciniak et al. (2011) for 
cattle living in the unpolluted area. On the con-
trary, decreasing Se levels in chicken tissues when 
animals were exposed to the diet with extremely 
high (100 mg/kg) levels of Cd were reported (Al-
Waeli et al. 2012). Further oxidative damage to the 
rats exposed to high levels of Cd in drinking water 
could occur as a result of the increased urinary 
excretion of Se, Cu, Mn, and Zn, i.e. the elements 
involved in anti-oxidative processes (Wang et al. 
2011). More rarely, a potential synergistic effect 
of Se and other essential elements was assessed 
to enhance their protective effect against the Cd-
induced oxidative stress. Se is incorporated into 
proteins to develop selenoproteins, some of which 
are important antioxidant enzymes, such as glu-
tathione peroxidase (GPx), the enzyme playing 
central role in antioxidative response of the animal 
organism. Lazarus et al. (2009) observed the effect 
of Se supplementation of the Cd-exposed suckling 
rats on GPx activity in brain and kidney of ani-
mals. Although not proven by the measurement 
of the enzymatic activity in this experiment, the 
engagement of the Se-incorporating enzymes is 
expectable in this case. The Se and Zn protective 
effect was investigated by El Heni et al. (2009) 
in male rats that received Cd, Cd + Zn, Cd + Se 
or Cd + Zn + Se (200 mg/l Cd + 500 mg/l Zn + 
0.1 mg/l Se) in their drinking water, for 35 days. 
These quantities of Cd resulted in severe histo-
logical changes in the liver and kidney of rats (El 
Heni et al. 2008). The authors stated that Se and 
Zn together assured more efficient protection of 
these organs against the observed oxidative stress 
compared to the elements alone. Moreover, Se and 
Zn showed a cooperative effect in the protection 
against Cd-induced structural damage in the rat 
liver. In our investigation, however, no other re-
lationships except those observed for Se and Cd 
were observed.  

CONCLUSION

The experiment presented possible replacement 
of the soybean meal by the DRS including the effect 
of selenization of the rapeseed in the diet of rats. 
The possible interactions of increased Se intake 
via the selenized DRS with both essential and risk 
element accumulation in the animal tissues were 
assessed as well. The results showed significantly 
decreasing Cd levels in the rat liver with increasing 
Se content in the diet, confirming antagonism of 
these elements, whereas the Cd levels in the livers 
of non-selenized animals remained unchanged. 
Concerning the essential elements, the levels of 
P, S, and Zn showed significant decreases in liver 
with increasing non-selenized DRS proportions 
in the diet. However, the application of Se-sup-
plemented diets did not result in any significant 
change of the essential element levels in the rat 
liver, and the application of the selenized DRS did 
not result in serious imbalance of utilization of 
these elements. In contrast, Se addition seems to 
be helpful for better utilization of other essential 
elements compared to the DRS-containing diet 
without Se fortification. In further research, these 
findings need to be supported by an evaluation 
of the appropriate biochemical processes in rats 
including the detailed transformation of Se com-
pounds within the rat organisms.
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