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Preface

Importance of Selenium in the Environment and Human Health contains a number 
of recent studies on the analyses of the effect of selenium on environmental as 
well as human health. Selenium is very significant in environments, animals, 
plants, microorganisms, and humans. It is a beneficial microelement existing in 
minute amounts in environments as well as organisms. It is also very useful to 
animals as well as human health as an active antioxidant, hormonal regulator, and 
anticarcinogenic. However, it can be toxic at excess levels of concentration, which 
results in competing and replacing sulfur in amino acids. Excess levels lead to 
inappropriate folding of protein and eventually the creation of a non-functional 
protein and enzymes in living beings. Selenium is also a beneficial micronutrient, 
which reduces the risk of cancer in human health. As an essential trace element, 
it has been studied for its anticancer properties in both oxidative stress and 
in inflammatory-related mechanisms that may contribute to hepatocellular 
carcinoma growth and metastasis. This book looks at the intraconnections and 
interrelationships between selenium in the environment, plants, agriculture, 
biology, human health, animals, and molecular and biochemistry processes. It is 
a key book for research organizations, governmental research centers, academic 
libraries, and R&D facilities affiliated to the recent research and study of the effects 
of selenium on environmental and human health.

Prof. Mohammed Muzibur Rahman, Prof. Abdullah Mohamed Asiri, 
Dr. Anish Khan and Dr. Inamuddin

Center of Excellence for Advanced Materials Research (CEAMR),
Department of Chemistry,

Faculty of Science,
King Abdulaziz University,

Jeddah, Saudi Arabia
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Chapter 1

Introductory Chapter: 
Fundamental Discussion of 
Selenium Effect
Mohammed Muzibur Rahman

1. Introduction

Here, it contains a number of recent researches on the study of selenium as 
well as their effect in environment and human health. Generally, in environmental 
samples selenium can exist in inorganic forms and as organic species with direct 
carbon-selenium bonds. Thus, the development of reliable techniques to study the 
speciation and isolation of selenium in environmental samples is necessary. Beside 
that, selenium is existed into minerals of fundamental importance for human 
health as well as living plants. Selenium status in general population is very impor-
tant due to its remarkable benefits to the human body as antioxidant, hormonal 
regulator, and anticarcinogenic. On the other way, selenium can be toxic leaving 
representing a multitude of disciplines from academic, industry, and governments 
for sharing their extraordinary innovative and unique knowledge on this Selenium 
results. Moreover, selenium is perhaps the naturally occurring trace rare-earth 
metallic element of extreme concern worldwide. The excess amounts of selenium 
can lead to toxicosis and teratogenesis in plants and animals, while the permanent 
effect of selenium insufficiency can be even more noteworthy. Both excess and defi-
cit are known to cause a wide range of clinical manifestations. Even though a large 
body of evidence provides the information about selenium, the exact molecular 
mechanisms of its effect in physiologic and pathologic conditions remain unknown.

2. Literature survey

Generally, selenium status in general population is very important due to its 
remarkable benefits to the human body as antioxidant, hormonal regulator, and 
anticarcinogenic. However, the relationship between selenium and health has been 
the focus of medical community. Early observational studies have shown that the 
trace element selenium in the environment is closely related to the occurrence 
and development of tumors [1]. The incidence of cancer in patients with selenium 
deficiency is significantly increased, and the amount of selenium in the body is 
negatively correlated with cancer [2]. Furthermore, while some studies suggested 
selenium supplementation reduce the risk of cancer, some methodologically sound 
trials suggested selenium supplementation does not reduce the risk of cancer and 
may even increase it for some types, including advanced prostate cancer and skin 
cancer [3, 4]. Cattle in Brazil are fed basically from pasture, but there are strong 
evidences that soils contain low availability of Se; consequently plants and animals 
incorporate low Se levels. Pastures Se fertilized bring benefits to nutrition and 
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health of animal and consequently humans already known in some countries. In 
contrast, Se fertilization on tropical weathered soils and tropical forages are little 
known. Selenium exists in many different inorganic materials. Inorganic selenium, 
present in water and soil, can be easily transformed into volatile compounds by 
plants and fungi. Organic species of selenium form covalent C-Se bonds. SeCys 
is included into selenoproteins and participate in redox reactions. The metabolic 
pathway of selenium in human body is complicated [5]. In young healthy non-
pregnant women, the existence of a direct relationship of moderate strength 
between selenium content in blood plasma and urine is established. There is a 
highly significant direct strong correlation between selenium in serum and eryth-
rocytes and medium-strength relationship between selenium in urine and selenium 
in erythrocytes. At the same time, during the physiological course of the gestational 
process in healthy mothers, serum selenium levels and urine selenium values have 
a direct relationship of average strength. For the growth and development of the 
fetus, normal pregnancy requires a constant consumption of sufficient amounts 
of nutrients; at least 40 of them are essential for pregnant and lactating women. 
Nutritional status of pregnant and lactating women is of great importance for the 
health of the child, as the development of the body is most actively carried out up 
to 18 months of life. Some earlier surveying studies found that low environmental 
selenium is associated with certain cancers in the digestive system and selenium 
supplementation may provide some cancer prevention effect [6].

Moreover, the agronomic biofortification of food through field fertilization 
with Se could be a solution to provide this micronutrient for animals and humans 
through plants. The plants are able to absorb and incorporate Se to organic com-
pounds as seleno-amino acids. Thus, inorganic Se is converted to organic Se com-
pounds through the plants which can be easily absorbed by the human body and be 
available where needed in the body [7]. In some countries, Se fertilization is well 
established, and it is annually made in New Zealand in which Se is applied along 
with phosphorus fertilization in pastures [8]. The interference of large amounts 
of chloride ions during selenium atomization was prevented by using iridium as a 
permanent chemical modifier. Clinical and diagnostic parallels were made to assess 
the role of trace element imbalance in the placenta in the formation of pathologi-
cal conditions of newborns in the early neonatal period by calculating the relative 
risk with 95% confidence interval. The low natural levels of Se in soils and its 
absence in fertilization to crops explain the low contents in food from vegetables 
and consequently in Brazilian diet, except for North areas. However, in the study 
of hemodialysis patients from North and Southeast of Brazil, both patient groups 
presented low Se in plasma levels, when compared to recommend standard values; 
independent of the region, all patients are found the Se deficiency [9]. Concisely, 
the concentration of selenium in serum is reduced in children with intraventricular 
hemorrhage and diseases of the gastrointestinal tract. However, first of all, pre-
mature children are a risk group for selenium deficiency, aggravated by living in 
environmentally unfavorable conditions. Many of them, especially those receiving 
long-term inpatient treatment, are artificially fed, and baby foods contain predomi-
nantly sodium selenite—an inorganic compound of selenium with high toxicity 
and low bioavailability and not always in sufficient quantities. Selenium obtained 
from mother’s milk is better absorbed than selenium nutrient mixtures. It is recom-
mended to add selenium to the nutrition of mothers, as well as cows whose milk is 
used for the preparation of nutrient mixtures. Establishment of effective and safe 
rates in tropical environmental is still required and which is unknown regardless 
of the implication to the plant enrichment of Se. High Se availability in agriculture 
soils can cause toxicity to crops, but it is still more concerning if a crop shows 
accumulator character, i.e., if a crop has capacity of absorb high levels of selenium 
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with no symptoms of toxicity, this could increase the possibilities to cause toxicity 
for animals or human.

In this study, cation-exchange chromatography was used to analyze selenium-
enriched yeast in a human adsorption study [10]. A mobile phase pyridinum 
formate buffer with 3% of methanol was used. This method was suitable for the 
separation of organic selenium species, however not suitable to separate the sel-
enite. There were no differences in the content of selenium in the serum of young 
healthy nonpregnant women, donor volunteers, healthy pregnant women at the end 
of physiological pregnancy, and healthy puerperas. The provision in these groups 
was found to be average (82–85 μg/l), which is approximately 80% of the optimal 
level, since the interval of normal serum concentrations of selenium is on average 
115 μg/l. At the end of physiological pregnancy and normal childbirth, the level 
of selenium in the blood serum was determined, which is lower than optimal for 
pregnant women. In premature births, serum levels of selenium were significantly 
lower, which is about half of the optimum. There are no significant differences in 
the content of selenium in the blood inversion in smoking and non-smoking women 
in the indicator group or in the group of healthy pregnant women. But there are 
significant differences found in the hair of smoking and non-smoking pregnant 
women. Hill et al. who investigated human liver cancer HepG2 cell line showed that 
in selenium-deprived HepG2 cells, selenoprotein P release decreased to 10% [11]. 
Further, various studies consistently reported apoptosis induction effect of selenite 
in human hepatoma cells HepG2 cells, potentially by inducing the release of lactate 
dehydrogenase (LDH) and decreasing glutathione (GSH) production [12–14]. 
Another study reported that selenite-induced apoptosis in HepG2 cells was medi-
ated by reactive oxygen species (ROS) that activated JNK to regulate apoptosis [15]. 
A more recent study on selenium nanoparticles surface decorated with Galangin 
can induce apoptosis through p38 and AKT signaling pathway in HepG2 cells [16]. 
Similarly, selenium nanoparticles synthesized with extract of hawthorn fruit also 
induced apoptosis in HepG2 cells [17].

High Se contents in leaves from tropical grass and in legumes comprise another 
fact to be analyzed for Se fertilization rate establishment despite the few data. 
Usually, grass leaves and legumes are preference fractions for cattle according its 
intake selective behavior, mainly in tropical pastures due to high accumulation of 
stem portions and its low digestibility. Selenium is one of the few elements absorbed 
by plants in enough quantities able to intoxicate domestic animals [18]. Selenium 
and selenium supplementation for the treatment of liver disease should attract the 
attention of the medical community. However, controversies remain with whether 
a relationship exists between serum selenium level and HCC risk. In the study of 
selenium in breast milk of women living in the United States, it was determined that 
the average selenium content is 18 μg/l, and the maximum level reached 60 μg/l; a 
direct correlation was found between the level of selenium in milk and serum. In 
premature births, the milk of women living in New Zealand contains an average of 
20 μg/l selenium. The question of the needs of newborns of selenium is not finally 
resolved, but most researchers recommend enriching the mixture for children with 
selenium in an amount corresponding to its content in breast milk. But the supply 
of children with selenium in an amount equal to its content in breast milk is not 
equivalent, because breast milk and mixtures contain different chemical forms of 
selenium with different levels of bioavailability and toxicity. However, epidemio-
logical investigations and biological studies should be further conducted to demon-
strate and verify whether selenium supplements are beneficial for the prevention 
and treatment of HCC and to elucidate its exact mechanism of action. Obtaining 
separation was satisfied for organic compounds but poor for selenite and selenite. 
For separation of organic and inorganic forms of selenium, tetrabutylammonium 
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acetate was proposed [19]. Also mixed ion-pairing reagents (butanesulphonic 
and tetramethylammonium hydroxide) were also used to simultaneously separate 
inorganic and organic species with satisfactory separation efficiencies [20]. The 
most pronounced imbalance of trace elements in the groups of premature infants 
with a gestation period of 28–33 weeks and in newborns with intrauterine growth 
retardation syndrome is found, which is a manifestation of immaturity in the first 
and decompensation of the function of passive transport systems in the second 
case. Clinically, this will be manifested by a violation of acute neonatal adaptation 
with a low Apgar score, severe general condition, and the presence of markers of 
inflammatory response.

In the epidemiological study of the provision of selenium in children perma-
nently living in Khabarovsk, a significant variability in the provision of selenium 
in different age groups of children with maximum security in adolescents 
12–17 years is established, and the minimum level of selenium was detected in 
children aged 2 years of life, due to the peculiarities of nutrition and food prefer-
ences of children of different ages. In general, selenium deficiency was observed 
in 18% of the surveyed children, and only 28% of children found trace element 
content at the lower limit of the norm. The data obtained by us on the provision 
of selenium for children and residents of Khabarovsk are comparable with the 
data obtained by us from the adult population. In serum and placenta, selenium 
to some extent mimics the behavior of zinc and behaves opposite to copper. It is 
interesting to note that active smoking gave higher levels of selenium and zinc in 
the placenta. Both elements play an important role in protecting against oxidant 
stress: selenium in glutathione peroxidase and zinc in superoxide dismutase. 
Smoking causes severe chemical stress to the placenta, so a higher concentration 
of zinc and selenium in the placenta in smokers may reflect the activation of 
protective mechanisms.

3. Conclusion

Finally, selenium can be toxic leaving representing a multitude of disciplines 
from academic, industry, and governments for sharing their extraordinary innova-
tive and unique knowledge on this Selenium results. Moreover, selenium is perhaps 
the naturally occurring trace rare-earth metallic element of extreme concern 
worldwide. The excess amounts of selenium can lead to toxicosis and teratogenesis 
in plants and animals, while the permanent effect of selenium insufficiency can be 
even more noteworthy. Both excess and deficit are known to cause a wide range of 
clinical manifestations. Even though a large body of evidence provides the informa-
tion about selenium, the exact molecular mechanisms of its effect in physiologic 
and pathologic conditions remain unknown. This book explored the connection 
and interrelationships between selenium in environment, plants, agriculture, biol-
ogy, human health, animals, molecular, and biochemistry process to complete this 
book. It is an important booklet for research organizations, governmental research 
centers, academic libraries, and R&D affianced in recent research and studied 
selenium effect in the environmental and human health.
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Chapter 2

The Importance of Selenium 
in Children’s Health and 
Reproduction
O.A. Senkevich and Y.G. Koval’skiy

Abstract

The authors report selenium deficiency in pregnant women, which can lead to 
an increase in the frequency and severity of early and late gestosis, fetal hypotrophy, 
hypoxia, and increased risk of miscarriage. The provision of selenium in children 
depends on the degree of maturity and physical development, decreases with fetal 
hypotrophy, prematurity, artificial feeding, and hypoxia. The content of selenium 
in breast milk of women who gave birth prematurely, contains selenium three 
times less than in normal childbirth, which contributes to a high risk of alimentary-
dependent conditions in premature infants.

Keywords: selenium, children, pregnant women, reproduction, placenta, breast milk

1. Introduction

Pregnancy is a period of important conditional physiological changes, when 
the fetus requires a regular and balanced diet provided by the mother’s food and 
its physiological reserves. The intrauterine period, infancy, and early age are 
considered to be a critical period in terms of the impact of nutrition on subsequent 
development [1].

For the growth and development of the fetus, normal pregnancy requires a 
constant consumption of sufficient amounts of nutrients, at least 40 of them are 
essential for pregnant and lactating women. Nutritional status of pregnant and 
lactating women is of great importance for the health of the child, as the develop-
ment of the body is most actively carried out up to 18 months of life.

2. Value of selenium deficiency in the perinatal period

Adequate provision of selenium for pregnant women, premature infants, 
children of different ages, and adolescents living in environmentally unfavorable 
conditions and constituting a risk group for selenium deficiency is particularly 
relevant [2–7].

Nefedova et al. [8] believe that the fact of selenodetic in healthy women in 
Western Siberia is associated with the possible formation of “anomalous bio-
geochemical province” endemic selenium. In pregnancy, even with the physi-
ological course, this deficit is exacerbated, which is an understandable increased 
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expenditure of trace elements [9–11]. In women at risk of termination of pregnancy, 
selenium deficiency is most pronounced, with pregnancy ending in miscarriage at 
different stages [12–15].

The level of selenium (serum, erythrocytes, urine, and hair) in healthy adult 
blood donors, residents of Khabarovsk in the preconception (indicator group), at 
the end of physiological pregnancy (group “healthy pregnant”) and breast milk on 
the 7–10 day after birth in mothers of healthy newborns and preterm infants was 
established.

There were no differences in the content of selenium in the serum of young 
healthy nonpregnant women, donor volunteers (residents of Khabarovsk, examined 
by random sampling), healthy pregnant women at the end of physiological preg-
nancy, and healthy puerperas. The provision in these groups was found to be average 
(82–85 μg/l), which is approximately 80% of the optimal level, since the interval of 
normal serum concentrations of selenium is on average 115 μg/l. At the end of physi-
ological pregnancy and normal childbirth, the level of selenium in the blood serum 
was determined within 85.4 + 4.8 μg/l and 82.6 + 6.1, respectively, which is lower 
than optimal for pregnant women. In premature births, serum levels of selenium 
were significantly lower—58.2 μg/l, which is about half of the optimum. There are no 
significant differences in the content of selenium in the blood inversion in smoking 
and nonsmoking women in the indicator group (82.8 + 16.2 and 83.1 + 15.9 μg/l) or 
in the group of healthy pregnant women (84.7 + 15.8 and 85.8 + 16.1 μg/l), in the 
presence of significant differences in the hair of smoking and nonsmoking pregnant 
women (383.0 + 24.4 and 436.6 + 28.2 μg/l, respectively, p < 0.01).

During pregnancy, there is a significant reduction in the excretion of selenium in 
the urine, which ensures the maximum possible provision of the fetus with a trace 
element [16]. Excretion of selenium in urine is constant and is normally 40–50% of 
intake [17]. Losses of selenium with urine in the group of healthy pregnant women 
in Khabarovsk ranged from 12.6 to 40.8 μg/l, on average 23, 68 μg/l, which differs 
with a high degree of reliability from the standards described in the literature.

A direct relationship of average strength between the level of selenium in the 
hair and urine of pregnant women indicate unidirectional changes in the concentra-
tion of selenium in the hair and urine of pregnant women.

Also in the process of gestation, there is a change in the content of selenium 
in serum and in hair, and there is a highly reliable feedback of average strength 
between the content of selenium in serum and hair of pregnant women.

In young healthy nonpregnant women, the existence of a direct relationship of 
moderate strength (r = 0.4804) is established between selenium content in blood 
plasma and urine, and there is a highly significant direct strong correlation between 
selenium in serum and erythrocytes (r = 0.9552), direct medium strength correla-
tion between selenium in urine and selenium in erythrocytes (r = 0.4348). At the 
same time, during the physiological course of the gestational process in healthy 
mothers, serum selenium levels and urine selenium values have a direct relationship 
of average strength.

The loss of selenium in urine was significantly lower (p < 0.05) in women with 
a long labor period (18.6 + 0.76 μg/l) and higher in mothers with planned opera-
tive labor (24.9 + 1.3 μg/l), and there was no dependence on the gestation period. 
Probably, the detected changes are associated with the development of oxidant 
stress; since the intensive physical activity (childbirth) determines the acceleration 
of metabolic processes, leading to significant oxidant stress of the body, a specific 
mechanism is included that ensures the preservation of selenium by reducing its 
excretion in the urine [18].

On the territory of the Khabarovsk, there is a shortage of selenium, because in 
the food diet of the inhabitants of the region, local products prevail, including from 
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household plots, which, in conditions of natural low maintenance, contain little of 
this element. The problem is also aggravated by the fact that our study of the diet 
of young children showed a significant deficit in the consumption of the surveyed 
residents of Khabarovsk products—sources of selenium, which undoubtedly 
exacerbates the population deficit.

In the epidemiological study of the provision of selenium in children perma-
nently living in Khabarovsk, we have established a significant variability in the 
provision of selenium in different age groups of children with maximum security 
in adolescents 12–17 years; the minimum level of selenium was detected in children 
aged 2 years of life, due to the peculiarities of nutrition and food preferences of 
children of different ages. In general, selenium deficiency was observed in 18% 
of the surveyed children; only 28% of children found trace element content at the 
lower limit of the norm. The data obtained by us on the provision of selenium for 
children and residents of Khabarovsk are comparable with the data obtained by us 
from the adult population [19].

3. Placenta as an indicator of fetal selenium content

The placenta is a unique, complex organ composed of the maternal and fetal 
parts. It is a full component of the system and performs numerous functions, the 
violation of which leads to a wide range of pregnancy complications [20]. The 
placenta has a wide range of functions that go in both ways; directly from mater-
nal body to placenta; from placenta to fetus, and vice versa, from the fetus to the 
mother and placenta [21–23]. Placental dysfunction is a threat to the development 
and life of the fetus, and subsequently the newborn. In physiological pregnancy, the 
mother’s body retains its homeostasis and provides the fetus with everything neces-
sary for normal development [24, 25]. Studies in recent years [3, 26] show that the 
inability of the system of “mother-placenta-fetus” to maintain adequate exchanges 
between mother and fetus (feto-placental insufficiency) leads to violation of fetal 
development and homeostasis of the mother. The value of the placenta is as an 
indicator of fetal selenium content [20–22, 27].

It is known that the mass of the newborn is largely determined by serum sele-
nium [21, 28]; however, the unknown is the correlation between the content of 
selenium level with the mass of the placenta and fetus. During the multivariate 
correlation analysis, it was found that there is an average strength positive correla-
tion (R = 0.53; p = 0.002) between the body weight of premature infants born at 
gestation 28–36 weeks, and the content of selenium in the placenta.

Therefore, the higher the level of selenium in the placenta, the greater the body 
weight of the newborn. The same relationship was established in the group of chil-
dren with psrp (R = 0.57; p = 0.03). The obtained results do not confirm the data of 
Zadrozna et al. [27], which did not reveal this dependence. A negative correlation 
between the placental-fetal coefficient and the content of selenium in the placenta 
(R = −0.55; p = 0.002) was established [29].

In the study of the accumulation of selenium in the placenta, depending on the 
duration of pregnancy, it was found that the minimum content was observed at the 
gestation period of 28–33 weeks and significantly different from the indicators in 
other groups [29]. The content of selenium in the placenta of women in countries 
such as Russia, Ukraine, Poland, Spain, and Turkey is in the range of 0.15–1.65 mg/
kg [21–23, 30, 31], which is significantly higher.

There is a positive correlation between the average strength between the levels 
of selenium in the placenta and the evaluation of the newborn on the Apgar scale 
both at the first (R = 0.45; p = 0.02) and fifth minute (R = 0.36; p = 0.005), which 
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indicates a better tolerability of labor stress in newborns with a greater reserve of 
this microelements antioxidant properties in the placenta.

Clinical and diagnostic parallels were made to assess the role of trace element 
imbalance in the placenta in the formation of pathological conditions of newborns 
in the early neonatal period by calculating the relative risk (RR) with 95% confi-
dence interval.

It was found that the deficiency of selenium significantly and statistically 
significantly affects the low score on the Apgar scale in the first minute in new-
borns—more often 2.5 times (OR with CI 1.1–2.5) for selenium. A low content of 
selenium in the placenta in newborns significantly increases the risk of neutrophilia 
with OR—1.6 (CI 1.1–3.0). The above parallels occur reliably in all study groups. 
In the pathogenesis of RDS, selenium deficiency probably plays a significant role 
because its deficiency not only in the hair of the mother and newborn, but also in 
the placenta at gestation 28–33 weeks forms the risk of RDS and is 1.9 CI 1.06–4.3.

It was found that the most pronounced imbalance of trace elements in the 
groups of premature infants with a gestation period of 28–33 weeks and in new-
borns with intrauterine growth retardation syndrome, which is a manifestation of 
immaturity in the first and decompensation of the function of passive transport 
systems in the second case. Clinically, this will be manifested by a violation of acute 
neonatal adaptation with a low Apgar score, severe general condition, and the pres-
ence of markers of inflammatory response.

In serum and placenta, selenium to some extent mimics the behavior of zinc 
and behaves opposite to copper [32]. It is interesting to note that active smoking 
gave higher levels of selenium and zinc in the placenta [32]. Both elements play an 
important role in protecting against oxidant stress: selenium in glutathione peroxi-
dase and zinc in superoxide dismutase. Smoking causes severe chemical stress to the 
placenta, so a higher concentration of zinc and selenium in the placenta in smokers 
may reflect the activation of protective mechanisms.

When smoking, the transfer of selenium from the blood to the placenta is 
increased, so that the level of selenium in the blood decreases; while the level of 
selenium in the placenta of smoking women is much higher than in nonsmokers. In 
general, the results suggest that in women smokers, selenium transport appears to 
be part of a protective mechanism against chemical stress.

Selenium concentrations during pregnancy are reduced in serum and placenta 
by the end of pregnancy and increased in the placenta of smokers. Since selenium 
status negatively affects the level of zinc in breast milk [33, 34], the concentration 
of selenium can affect the level of zinc in the placenta and serum by changing the 
distribution of zinc. Low concentrations of serum selenium and low copper con-
centrations in the placenta are associated with higher weight of newborn, which 
reflects the correlation between serum selenium and copper of the placenta. A 
strong positive correlation in serum between selenium and copper correspond to 
such in milk [34], although the reason for this is not clear. An inverse correlation 
between the activity of aromatase and placenta selenium was revealed, which 
indicates the protective effect of selenium by acting on the activity of the enzyme 
to transfer nutrients to the fruit. The authors conclude that it is essential to identify 
the relationship between selenium, zinc, and copper. Thus, the protective role is 
established selenium during pregnancy, especially in smokers (Table 1).

It is shown that Cd and Pb placenta have an inverse correlation with the body 
weight of the newborn [25, 36], and these elements are selenium antagonists which 
reduce their toxic effect [36–38].

In Croatia, Alexiou et al., [35], indicated that Se in the placenta predicts birth 
of a child of normal weight, not intrauterine growth restriction. In this work, a 
significant positive relationship between placental Se and neonatal weight in a 
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subgroup of pregnant women with body weight appropriate for this gestational age 
was established. This is consistent with a number of important functions that can 
be used to influence fetal development. On the other hand, the lack of communica-
tion in the IWRM group may mean that the element is not causally related to the 
condition and further research is needed on this issue. In studies Alexiou et al. [35] 
studied trace elements (zinc, cobalt, selenium, rubidium, bromine, gold) in the 
human placenta and in the liver of the newborn at birth, the authors note that the 
average concentration of essential trace elements (zinc, cobalt and selenium) were 
significantly higher in the liver than in the placenta, while interchangeable trace ele-
ments (rubidium, bromine, gold) were found in significantly higher concentrations 
in the placenta than in liver tissue.

Since the decrease in serum selenium level during pregnancy occurs monoto-
nously, it is possible to calculate the optimal concentration of selenium in the 
serum of pregnant women: by the end of the first trimester—104 to 109 μg/l, the 
second—98 to 103 μg/l, to the third trimester—95 to 100 μg/l [39], these indicators 
can be used to assess the normal selenium status during pregnancy.

There is evidence of a connection with selenium deficiency weak labor activ-
ity, a significantly greater number of complications during delivery and lower 
development indicators of newborn [40]. The risk group for selenium deficiency 
is also pregnant women living in ecologically unfavorable regions and women with 
cardiovascular diseases [30]. In several case studies, the authors attributed the poor 
pregnancy outcome and reproductive failure, including recurrent pregnancy loss, 
with abnormal concentrations of selenium [12]. Other authors [13, 41, 42] also 
found a positive correlation between the increased risk of miscarriage in women 
with low selenium concentrations. Selenium reduction is a predictor of preterm 
birth and low birth weight, and correction of selenium deficiency during pregnancy 
eliminates the risk of low birth weight [28].

The concentration of selenium in the placenta at different periods of gestation 
was studied in children—residents of the Khabarovsk territory [43]. Estimating the 
central values of the studied microelements, the norm was understood as vari-
ants within one standard deviation; the boundaries of the norm were the values 
between the 25th and 75th centiles or (M + 2δ), and the pathological values beyond 
these limits were considered. To calculate the extreme limits of normal values, the 

Indicator Level Region

Se placentae 810 ± 20 μg/kg Spain*

Se umbilical cord blood 74 ± 7 μg/kg (51–104)

Se mothers blood 90 ± 15 (57–118)

Se mothers hair 600 ± 370 (220–1500)

Se newborn hair 1040 ± 480 (400–2530 μg/kg)

Placentae 200 μg/kg raw weight Austria**

Placentae Italy***

Placentae (normal pregnancy) (36) 150 ± 30 (100–240 мкг/кг) Croatia**** (significant 
differences with the norm 

P < 0.05)
Placentae intrauterine growth 
restriction cases (49)

140 ± 20 (100–200 мкг/кг)

*Lorenzo Alonso et al. [22, 23].
**Iyengar and Raphuman [31].
***Capellia et al. [21].
****Alexiou et al. [35].

Table 1. 
Indicators of selenium in the placenta.
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method of standard deviations was used—the lower limit—5 SD corresponds to 5 
percentiles; the upper limit +5 SD—95 percentiles. Based on this, for all cases with 
values below 5 percentile, we consider a sign of a significant decrease in the param-
eter, and with values more than 95 percentile—it is stated as an increase (Table 2).

It is interesting to note that with the increase in gestation period, there is a more 
significant variability of selenium content, which does not occur in the group of 
children with intrauterine growth retardation syndrome.

Our findings suggest that passive transport through the placenta of selenium 
has insufficiently mature mechanisms of its regulation in the early stages of 
embryogenesis.

The study revealed that the level of selenium in the placenta has a dynamics 
similar to that in the hair of the mother and the newborn and in breast milk [29, 44].

The placenta is an organ that reflects the features of the course of the intrauter-
ine period, the environmental situation, and the infectious background, and it is 
also an indicator of the content of vital for the normal carrying of the newborn 
trace elements.

4. Breast milk is the only natural source of selenium for infants

The only natural vitamin and mineral complex is breast milk; it contains all 
the necessary bioelements and is most adapted to the assimilation of the child. 
However, the composition of breast milk, both qualitatively and quantitatively, 
depends on the time of onset of labor, significantly different from normal indicators 
for premature termination of pregnancy and fetal growth retardation syndrome. Of 
particular importance for solving the problem of nutrition of small children [45] is 
a detailed explanation of the properties of breast milk and determining the value of 
each of its components [46].

Given that the child in the first months of life receives selenium exclusively from 
mother’s milk and baby food does not always contain it in sufficient quantities, of 
particular importance is the provision of this micronutrient women, both during 
pregnancy and during lactation. The estimated need for selenium in premature 
infants is 20–25 μg/l in breast milk or infant formula (15 μg/l for full-term infants) 
[47, 48]. The main source of selenium for a child is breast milk, but many children, 
especially those receiving long-term inpatient treatment, are artificially fed and 
have lower values of selenium content [49]. In addition, the presence of selenium 
deficiency in the mother is a common cause of element deficiency in the newborn 
[50, 51]. The content of selenium in breast milk varies widely [9, 50, 52]. Thus, in 
the study of selenium in breast milk of women living in the United States, it was 
determined that the average selenium content is 18 μg/l, and the maximum level 

Group n Average m Deviation interval

28–33 gw 14 0.217*,**,*** 0.01 0.160–0.278

34–36 gw 17 0.341* 0.03 0.176–0.588

Fetal growth Retardation 14 0.271** 0.01 0.196–0.343

Control group 20 0.370*** 0.04 0.233–0.626
*Significant difference between 28 and 33 weeks and 34 and 36 weeks (p = 0.0017).
**Significant difference between 28 and 33 weeks and DLD don (p = 0.0013).
***Significant difference between 28 and 33 weeks and full term (p = 0.00003).

Table 2. 
Selenium concentration (mg/kg) in the placenta at different gestational ages.
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reached 60 μg/l [52]; a direct correlation was found between the level of selenium 
in milk and serum. In premature births, the milk of women living in New Zealand 
contains an average of 20 μg/l selenium [53]. The question of the needs of newborns 
in selenium is not finally resolved, but most researchers recommend enriching 
the mixture for children with selenium in an amount corresponding to its content 
in breast milk. But the supply of children with selenium in an amount equal to its 
content in breast milk is not equivalent, because in breast milk, mixtures contain 
different chemical forms of selenium with different levels of bioavailability and 
toxicity. Currently, baby foods mainly use selenite, which easily interacts with the 
ascorbic acid contained therein, forming an inactive elemental selenium; as a result, 
such products are inert against selenium [54]. Therefore, it seems natural to nor-
malize the level of selenium in the mother feeding a newborn baby breast milk.

The content of selenium in breast milk during normal pregnancy and physio-
logical childbirth by a conditionally healthy fetus and at low birth weight (Table 3) 
was determined in Khabarovsk [55].

When compared with the data of the WHO/MAGATE collaborative study [56], 
there were significant differences in the content of selenium in the milk of healthy 
women living in Khabarovsk (Table 3). The most pronounced deficiency of sele-
nium in breast milk is preterm labor and fetal growth retardation syndrome; its 
level is 2 and 20 times lower than optimal, respectively, and from the first days of 
life of a small child, its insufficiency is formed with a significant (p < 0.05) maxi-
mum decrease in premature infants with a gestation period of 34–36 weeks and 
children with fetal growth retardation syndrome.

Selenium supply in newborns in the control group is optimal (Table 4).
At low weight, the actual provision of newborn children with selenium did not 

meet the standards of physiological needs of the body. The extremely low figures for 
the actual supply of selenium in natural feeding are detected in underweight children 
with the syndrome of fetal growth retardation and prematurity. Low level of sele-
nium from the first days of life of a small child forms its negative balance. Given that 
the need for selenium at low weight is higher, and breast milk [55], as the only source 

Trace 
elements

Control 
group, n = 20

28–33 weeks of 
gestation, n = 20

34–36 weeks of 
gestation, n = 20

Fetal growth 
retardation, n = 19

Literature data

Se 0.02 ± 0.007 0.01 ± 0.004** 0.009 ± 0.002* 0.001 ± 0.0002** 0.019 ± 0.001
*Significance of differences between the control group and childbirth at 34–36 weeks, p < 0.05.
**Significance of differences between the control group, 28–33 weeks of labor, 34–36 weeks of labor, and fetal growth 
retardation syndrome, p < 0.05.

Table 3. 
Content of Se (mg/kg) in milk (M + m).

Groups n Se

The norm of physiological needs* 0.01

Childbirth 28–33 w n = 20 0.003

Childbirth 34–36 w n = 20 0.003

Childbirth a delay syndrome fetal growth retardation n = 19 0.0003

Control group n = 20 0.013
*Norms of physiological needs for energy and nutrients for different groups of the population of the Russian Federation 
were approved on December 18, 2008 (Mr 2.3.1.2432–08).

Table 4. 
Actual consumption of bioelements (mg/day).
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of selenium for the newborn, contains less than optimal selenium, such a child is 
provided with the necessary trace element only 25–30% in premature birth and only 
3% of the need for the birth of a child with delayed fetal development syndrome.

In the study of selenium content (Table 5) in the hair of 20 healthy women 
who gave birth to healthy children, a few months after birth, and an average of 
13.05 + 0.54 months after birth (variability from 10 to 18 months) there were 
significant differences in the content of selenium in women’s hair 13 months after 
birth depending on the duration of lactation. At the time of the study, seven women 
continued to feed their children with breast milk, the rest of the lactation ended 
6 months or more ago [3].

In women with preserved lactation function by 13 months after birth, the level 
of selenium is significantly lower than in women who breastfed children for a 
shorter time.

Regardless of the presence of lactation, all subjects had significantly lower 
levels of selenium than immediately after birth. Thus, in the above observations, 
there is no recovery of selenium concentration after childbirth, typical for the 
content of selenium in blood serum. There were no significant differences in the 
content of selenium in the hair of women a year after childbirth with or without 
the use of vitamin complexes during lactation (368.9 + 22.13 and 336.4 + 38.7 μg/kg, 
respectively).

5. Children

Premature infants with low selenium levels have a higher rate of early neonatal 
morbidity [57]. The risk group for selenium deficiency includes children receiv-
ing long-term hemodialysis [18], with respiratory distress syndrome [58]; and 
children born in a state of chronic intrauterine hypoxia [59], with bronchopul-
monary dysplasia [60]. In premature infants, selenium deficiency is associated 
with hypoxia and respiratory diseases [61]. In all these cases, the appointment 
of selenium is accompanied by a positive therapeutic effect. Confirmation of the 
diagnosis of chronic intrauterine hypoxia in the fetus can be a decrease in the 
content of selenium in the blood less than 25 μg/l [62]. Based on a multicenter 
randomized trial conducted by Darlow et al. in 2003, including a meta-analysis 
of other studies in this area, the additional use of selenium in the diet of preterm 
infants contributed to a reduction in the incidence of septic complications, which 
allowed the authors to recommend the use of selenium in the diet of preterm 
infants [53].

However, the optimal selenium supply of a newborn child is not currently deter-
mined; in the literature, there are different indicators of the norm from 65–75 μg/l 
[63] to 191 μg/l [64] in whole umbilical cord blood. In a study by Anya et al. [65] in 
the reference group of healthy newborns normal level of selenium was established 
in children younger than 1 month of life within the median 64 μg/L. Parfenova and 
Reshetnik [66] in the whole blood of preterm infants 27–32 weeks of gestation the 
level of selenium equal to 112.4 + 5.3 μg/l was determined.

Indicators All subjects 13 months 
after delivery, n = 20

Lactation, 13 months 
after birth, n = 7

No lactation, 13 months 
after delivery, n = 13

Immediately 
after birth

Se 359.9 ± 18.9* 314.6 ± 20.2* 388.7 ± 25.1 524.6 ± 55.0*

*Significant differences (<0.05) between groups.

Table 5. 
Selenium content (μg/kg) in women’s hair after childbirth (M + m).
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The concentration of selenium in serum is reduced in children with intraven-
tricular hemorrhage [67], diseases of the respiratory system [68], and diseases of 
the gastrointestinal tract [69]. However, first of all, premature children are a risk 
group for selenium deficiency, aggravated by living in environmentally unfavorable 
conditions [3, 61, 70]. Many of them, especially those receiving long-term inpatient 
treatment, are artificially fed, and baby foods contain predominantly sodium 
selenite—an inorganic compound of selenium with high toxicity, low bioavailability 
and not always in sufficient quantities. Selenium obtained from mother’s milk is 
better absorbed than selenium nutrient mixtures [71]. It is recommended to add 
selenium to the nutrition of mothers, as well as cows whose milk is used for the 
preparation of nutrient mixtures [63].

The mass of the newborn is largely determined by serum selenium and is 
inversely correlated. This also confirms the assumption that selenium is actively 
transported to the fetus in the quantities required by the embryo (Table 6).

Selenium levels in the hair of low-weight newborns and their mothers are 
statistically significantly different from the levels of selenium in the hair in the 
control group, with the highest degree of confidence established in the group with 
fetal growth retardation.

The deeper the immaturity and the lower the gestation period, the lower the 
level of selenium in the hair of premature infants and their mothers; the level of 
selenium in the hair of the group with fetal growth retardation decreased more than 
four times and was significantly lower than in the group of premature infants with 
the deepest immaturity.

Reduction of selenium in the hair of newborns increases the chance of oppres-
sion syndrome, muscle dystonia, and neutrophilia. RDS is often formed when 
selenium deficiency in the pair “mother-newborn” in prematurity.

Direct dependence of the average strength between the level of selenium in the 
hair and urine of pregnant women indicates unidirectional changes in the concen-
tration of selenium.

Also in the process of gestation, there is a change in the content of selenium 
in serum and hair and a highly reliable feedback of average strength (r = 0.538) 
between the content of selenium in serum and hair of pregnant women.

6. Conclusion

Selenium deficiency in pregnant women can lead to an increase in the frequency 
and severity of early and late gestosis, fetal hypotrophy, and hypoxia, and has an 
impact on the duration of pregnancy and the rate of growth of fetal body weight. 
Selenium deficiency in pregnant women can lead to an increase in the frequency 

Group 28–33 gw 34–36 gw Fetal growth retardation Control

n 23 34 21 20

Mother 0.3 ± 0.04*

0.02–0.7
0.4 ± 0.06*

0.02–1.4
0.4 ± 0.07*

0.02–0.8
0.6 ± 0.05

0.4–1.1

Children 0.5 ± 0.07*

0.04–0.9
0.6 ± 0.05*

0.08–1.01
0.2 ± 0.04*,**

0.01–0.6
0.8 ± 0.05
0.2–0.96

*Significant difference (p < 0.05) between study and control groups.
**Significant difference (p < 0.05) when comparing the indicators of the fetal growth retardation group with the groups 
of 28–33 weeks and 34–36 weeks.

Table 6. 
Selenium content (mg/kg) in the hair of mother-newborn pairs in prematurity and delay syndrome fetal 
growth retardation (M ± m, min-max).
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and severity of early and late gestosis, fetal hypotrophy and hypoxia, and also 
affects the duration of pregnancy and the rate of growth of fetal body weight, the 
formation of a deficiency in the fetus and newborn [15].

The study found a deficiency of selenium in women in preterm labor and is 
due not only to the lack of an element in the diet and the environment, but also an 
excess of selenium antagonists—Mn, Cd, Pb, and Fe.

The provision of selenium depends on the degree of maturity and physical 
development of newborns, decreases with fetal development syndrome, prema-
turity, artificial feeding, and hypoxia. The content of selenium in breast milk of 
prematurely born women provides only 25–30% of the needs of the element in 
premature infants. Breast milk of prematurely born women contains selenium three 
times less than in normal childbirth, which contributes to a high risk of developing 
alimentary-dependent conditions in premature infants [72].
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Abstract

Selenium is a mineral element that is essential for both animal and humans and 
can also serve as an environmental toxicant. A narrow margin exists between an 
ideal and toxic intake of selenium. It is a useful microelement existing in minute 
amounts in animals, plants, microorganisms and humans. Although it is beneficial 
to both animals and humans as an antioxidant, it can be toxic at high concentra-
tions as a result of it competing and replacing sulfur in amino acids leading to 
inappropriate folding of protein and eventually creating a nonfunctional protein 
and enzymes. Selenium exists in organic forms as SeMet and SeCys and inorganic 
forms as selenide, selenite and selenite in the environment. It is translocated in 
plants via the sulfate transporters in the plasma membrane of the plant root. 
Its translocation and distribution however depends on the plant species, their 
different developmental phases, forms, concentration and other physiological 
conditions like pH. Inorganic selenium is first converted to selenite via the action 
of two different enzymes (ATP sulfurylase and APS reductase), selenite is fur-
ther converted to selenide by sulfite reductase. Selenide eventually couples with 
O-acetyl serine via the action of cysteine synthase to form SeCys. SeCys can either 
be methylated to methyl-SeCys through the action of selenocysteine methyltrans-
ferase or to elemental selenium via SeCys lyase or converted by a series of enzymes 
to selenomethionine. Selenium toxicity or Selenosis can occur when the optimal 
concentration of selenium is exceeded. Two major mechanism of selenium toxicity 
exists; either by induction of oxidative stress or malformation of selenoproteins. 
Selenium uptake, metabolism and toxicity in tropical plants are hereby discussed 
in this chapter.

Keywords: selenium, distribution, toxicity, tropical plants

1. Introduction

Selenium (Se) is a widely distributed trace metalloid found in the crust of the 
Earth. Jacob Berzelius, Chemist first isolated selenium in 1817 and it has been 
known for its toxic effect. However, in 1957, some importance of selenium was dis-
covered. It is mostly linked to sulfur and an essential nutrient for human, animals 
and microorganisms. Many enzymes such as thioredoxin reductase and glutathione 
peroxidase are mostly composed of selenium which helps the enzymes to perform 
roles like reproduction, tumor prevention and antioxidation [1]. Selenium can also 
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promote growth of lettuce seedlings by delaying senescence [2]. It can be toxic at 
large concentrations and can lead to pro-oxidative reactions. Also deficiency of 
selenium can occur in soils where selenium bioavailability is low leading to health 
risks for animals and humans. Supplementing fertilizers with sodium selenate has 
been shown to improve the food chain from soil to animals and then to humans [3]. 
The recommended daily intake of selenium should be adhered to for maximum 
utilization of its benefits. Within the plant and soil environment, selenium is 
converted to another chemical form [4]. The metabolism and mechanisms through 
which plants cope with high selenium concentrations are explained by the trans-
formations of selenium form one form to another. The bioavailability, biotransfor-
mation, speciation, metabolism and functions all have great implications for both 
human and animal health. This chapter presents the physicochemical properties 
of selenium, its sources in the environment and locations, role of selenium in the 
body, metabolism, uptake and accumulation in plants.

2. Physicochemical properties of selenium

Selenium being a metalloid from the same family of sulfur and oxygen, has 
it name derived from the word “Selene” that is, moon goddess since it is mostly 
linked to tellurium [5]. It has six isotope coexisting in nature with mass numbers 
74, 76, 77, 78, 80 and 82 [6]. It is similar to sulfur in terms of bond energies, 
oxidation state, atomic size and ionization potentials [7]. Selenium possesses 
properties of both non-metal and metal hence it is referred to as a semi metal. 
It is considered stable as it does not oxidize at room temperature. It produces 
selenium dioxide and blue flame when it burns which is followed by an unpleas-
ant smell. Selenium can form compounds with elements (fluorine, bromine, 
hydrogen and phosphorus) having a close analogy to those of sulfur [8, 9]. It has 
a lower affinity for oxygen than sulfur with only two oxides known; SeO3 and 
SeO2. Combustion of selenium in air produces dioxide which dissolves in water 
to give selenious acid (H2SeO3); a solution that can oxidize most metals except 
platinum, palladium and gold [10–20].

Selenic acid (H2SeO4) is a hygroscopic diacid with a higher oxidizing potential 
than H2SO4. It is produced by the reaction of oxidizing agents such as chlorine, 
fluorine, bromine with Se, SeO2, H2SeO3 in the presence of H2O. Reaction of 
selenium with hydrogen and reaction of metal selenides with acids (or water) 
releases hydrogen selenide (H2Se), a highly reactive compound. At about 160°C, 
it starts to decompose to Se and H2, it also forms a deposit of red selenium in 
moist air [21].

3. The physical and chemical forms of selenium

Selenium exists in nature and in organisms in organic and/or inorganic forms. 
The organic form includes selenocysteine (Secys) and selenomethionine (Semet), 
while the inorganic forms includes selenate (SeO4

−2), selenide (Se−2), selenite 
(SeO3

−2) and selenium (Se) (Figure 1) [22].
Selenium exists in a solid state at room temperature and can take up various 

physical forms [8, 23]. Precipitation from aqueous solution produces amorphous 
selenium (red brick powder) with a density of 4.26 with photoconductive proper-
ties. At very high temperature between 110 and 180°C, the color turns gray, this is a 
variety of selenium that is thermodynamically stable and it is obtained by cooling 
liquid selenium hence it is used for its semiconducting properties.
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4. Sources of selenium in the environment and its location

4.1 In soils

Selenium occurs in soils via the erosion of rocks that contains selenides and 
selenites associated with sulfide minerals with mass fractions less than 1 mg/kg. 
Selenium is mostly found in soils either in its organic form or elemental selenium 
like selenite salts and ferric selenite. The common forms of selenium in soils are the 
anionic forms like Selenite (SeO3

2−) and selenate (SeO4
2−) and they are soluble and 

potentially toxic. Organic forms of selenium in soils are mostly from plants decom-
position [24, 25].

The selenium content in soil varies depending on the organic matter, soil texture 
along with the level of rainfall. The rate of assimilation of selenium by plant is fur-
ther influenced by the physicochemical factors of the soil, such as microbial activ-
ity, pH and redox status. The concentration of selenium in the soil varies from 0.1 
to 0.7 mg kg−1. Tropical soils have a concentration between 2 and 4.5 mg kg−1, while 
clay soils are between 0.8 and 2 mg kg−1. Granites and volcanic soils are usually 
low in selenium while the soils around mountains are rich in selenium. Normally, 
selenium is more concentrated in soils of the driest regions of the world. The toxic 
effect of selenium on animals occurs on these soils [26, 27]. The rate of soil acidity 
determines the amount of selenium in crops and plants; more selenium is released 
in alkaline soil than in acidic ones. In alkaline soils, selenite undergoes oxidation 
into a more soluble form that is easily assimilated by plants (selenite). However, 
in acidic soils, selenite combines with iron hydroxide making it to be permanently 
fixed by the soil [28].

4.2 Plant sources

The concentration of selenium in plants is dependent on the level of selenium 
levels in the soils. The physiological conditions and species of the plant also deter-
mine how the selenium are taken in and distributed by the plant root. The aerial 
silks normally contain about 80% selenite and 65% selenate [29]. Forages contain 
selenium from about 0.2 to 0.6 ppm and livestock are at risk of selenium poisoning 
[30]. In arid regions of the United States and China, some plants contain very high 
selenium content, as high as 10,000 ppm [4]. Some species of Astragalus usually 
accumulates very high level of selenium making them toxic to animals [31]. Wheat 
plants normally store selenium in their seeds in form of selenomethionine with 
varying levels depending on the environment [27, 32]. Plants assimilate selenite 
more than selenite. Selenate and selenite share similar chemical features with sulfur 
hence they both undergo metabolism via the same route (in the choloroplast). 
The first reaction is when selenite is activated by ATP sulfurylase-adenosine 
5′-phosphoselenate which is followed by its reduction to selenite by adenosine 

Figure 1. 
Selenocysteine and selenomethionine.
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5′-phosphosulfate reductase and finally the selenite is further reduced by the action 
of glutathione into selenide. Depending on the rate of selenium accumulation by 
plants, two mechanism of metabolism exist.

4.3 Selenium in water

Selenium in water is initiated from ambience deposits or drainage in the soil, its 
concentration varies but does not exceed 9 mg L−1. The World Health Organization 
recommends that the content of selenium in water for consumption should not 
exceed 10 μg L−1 [24]. When farm lands are supplemented with fertilizers, selenium 
content increases. Selenate sodium and selenide are mostly found in surface waters, 
while freshwater contains majorly selenite.

4.4 Food and feed sources of selenium

The content of selenium in vegetables and grains is largely dependent on sele-
nium found in the soil. Vegetables like beans, peas and carrots can contain up to 
6 mg g−1 of selenium, while onions contain more. However fruits generally contain 
a very low level of selenium, but nuts with high protein levels are also known for 
their high selenium concentration [33–35].

5. Role of selenium in the body

Selenium, an important component of selenoprotein, plays diverse biologi-
cal roles ranging from antioxidant defense to synthesis of DNA to reproduction. 
Various metabolites formed from selenium could also play a role in the prevention 
of carcinogenesis. It could also improve tolerance and recuperation thus slowing 
down the aging process [36, 37].

5.1 Selenoprotein

5.1.1 Glutathione peroxidase (GPx)

An antioxidant, whose primary role is to counteract the effect of hydrogen 
peroxide and other hydroperoxides in the body. GPx exists in about eight different 
forms grouped according to their features. They differ by mode of action and site 
of action. They work alongside vitamin E to protect cells from accumulated H2O2 
hence they ensure the integrity of the cell wall. The first four forms of GPx enzy-
matic activity are directly proportional to the intake of selenium. Hence there is a 
correlation between oxidative stress and lack of selenium in the body [38–40].

Glutathione peroxidase-1 (GPx-1) occurs mostly in the liver, erythrocytes, lungs 
and kidneys. Deficiency in selenium affects the activity of GPx-1. Glutathione per-
oxidase-2 (GPx-2) protects against oxidation and it occurs mostly in the gastroin-
testinal tissues and the liver [41]. GPx-3 is found in the plasma, heart, kidneys, liver 
and it covers over 20% of the plasma selenium. It reduces the level of hydroperox-
ides [42]. GPx-4 is located in the mitochondria, nucleus and cytosol with its highest 
activity in the testes [43]. In addition to its antioxidant role, it prevents occurrence 
of peroxidation on the membrane. It is involved in the conversion of cholesterol and 
its ester into non-toxic derivatives and also prevents oxidation that can lead to DNA 
damage. The role of GPx-5 is still unknown but it is found in the embryo, while the 
other GPx: 6, 7, 8 are less studied [44].
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5.2 Roles of selenium in the immune response

The lymph nodes and the liver contain high amount of selenium which 
helps to brace up the formation of antibodies and increase the functioning of 
the helper T cells and cytotoxic NK cells. It also stimulates the migration of 
the phagocytic cells [8, 45]. Metabolites of selenium such as GPx-1 and thio-
redoxin reductase have also been implicated in the inflammatory and immune 
responses although the mode of action is not fully known [46, 47]. Deficiency 
of selenium in the endothelial cells reduced the production of prostaglandins. 
In addition, it was reported that dairy cows deficient in selenium had low 
production of blood neutrophils hence their ability to kill a pathogen was 
nullified [47]. A rapid production and differentiation of CD4+ and T cells were 
observed in subjects who ingested selenium leading to increased poliovirus 
clearance [48].

5.3 Cancer and cardiovascular disease

Davis et al. [49] illustrated the correlation between selenium and cancer. 
Their studies showed that one of the factors that promote cancer is selenium defi-
ciency. The authors discovered and reported that high selenium levels reduced 
the risk of cancer by 4–6 times when compared with low intake levels of selenium 
(<50 μg/mL). Populations with a status of very low selenium signified more 
protection against lung cancer [49]. Liver cancer was reduced by 30% in a com-
munity whose diet was enriched with selenite supplements [49]. In a Nutritional 
Prevention of Cancer trial, a daily intake of selenium (200 μg) for a period of 
7 years lowered the occurrence of prostate cancer among the participants [50]. In 
a similar fashion, selenium anticancer potential was observed in rodents where 
the enzyme that converts selenomethione to methylselenol was 700 times higher 
in the rodents [49].

5.4 Role of selenium in reproduction

Studies have reported the association of selenium in animal and human 
reproduction. Selenium plays unique roles in fertility, placenta retention, 
synthesis of sperm and testosterone. Consumption of selenium deficient diet 
has been linked to poor growth and reduced fertility [51]. Changes in the lutein-
izing hormone receptors of Leydig cells observed selenium deficiency as it 
affects secretion of testosterone (Thomson and Robinson; [52]). Several studies 
have reported the protective effect of selenium in cadmium-induced toxicity. 
Selenium plays a role in inhibiting the growth of cancer cells in prostate cancer 
subjects by inhibiting RNA, DNA and protein synthesis [53]. Selenium has been 
reported to impact the entire morphology of the testis [54]. Selenium has been 
shown to increase fertility in dairy sheep [55]. Pastures with very low selenium 
levels were found to have increased fertility when administered selenium 
supplements [40]. Such an increase was not observed when the supplement was 
replaced with vitamin E. Administering selenium supplements to pregnant Ewes 
increased the rate of lamb’s survival during the first 10 days [37]. Injection of 
selenium decreased the formation of ovarian cyst in cows with deficient diet 
[56]. Prolapse of the cervix was attributed to selenium deficiency, while red 
blood cells with low selenium concentrations were reported in women undergo-
ing uncontrolled abortions [57]. Fertility and sperm was improved after con-
sumption of selenium in a study conducted in Scotland [57].
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Figure 2. 
Selenium metabolism in plants.

6. Metabolism of selenium

6.1 Transformation, absorption and transport

Glutathione plays a major role in the metabolism of selenium; it is involved in 
reduction reactions where selenite is converted to hydrogen selenite (H2Se) which 
further releases the selenium for selenoprotein synthesis. The hydrogen selenide 
undergoes several methylations to finally arrive at formation of trimethylselenonium 
ion [(CH3)3Se+] [57]. The rate of absorption of selenite in sheep much lower (29%) 
when compared with pork (80%) while selenate and selenomethionine have greater 
absorption rate in poultry animals. This is a result of reduction of selenite that is not 
available in ruminants [40]. Absorption occurs mostly inside the caecum and duode-
num by active transport via a sodium pump. The mode of action differs depending 
on the specific form of selenium. Adsorption could be by simple diffusion e.g. sel-
enite or by cotransport while the selenomethionine are absorbed via the amino acid 
uptake method [52, 58]. Elements like lead, sulfur and arsenic slows down the rate 
of absorption of selenium either through competing with selenium or by formation 
of complexes that are not capable of being assimilated [59]. Selenium level in the 
hepatocytes determines the level of absorption in the intestine. Erythrocytes take 
up selenium rapidly and it undergoes reduction by glutathione reductase and finally 
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transported in the form of selenide in the plasma to the liver [60]. Selenium can also 
bind to either α and β globulins and can be transported in the form of selenoprotein 
by the blood [40].

6.2 Selenium metabolism in plants

Selenium is transported in plants via the sulfate transporters in the plasma 
membrane of the root due to its chemical similarity to sulfur [13, 14]. It is further 
transported to the leaves and undergoes metabolism through the sulfur assimila-
tion pathway either to a selenium methionine (SeMet) or a selenium cysteine 
(SeCys).

Inorganic selenium is first converted to selenite via the action of ATP sulfurylase 
(APS) and APS reductase (APR). The hydrolysis of adenosine triphosphate to 
adenosine phosphoselenate which is then reduced to selenite is catalyzed by APS 
and APR, respectively [13]. Sulfite reductase then converts selenite to selenide 
although glutaredoxins or glutathione can also reduce this step in plants [17]. The 
selenide couples with O-acetyl serine (OAS) to form selenium cysteine (SeCys) 
by cysteine synthase. The selenium cysteine can either undergo methylation to 
methyl-SeCys by selenocysteine methyltransferase or converted to selenium or 
selenomethionine by SeCys lyase or other enzymes, respectively. Sulfur analog of 
selenium can then be methylated and undergo vaporization to a non-toxic form in 
the atmosphere (Figure 2) [15].

7. Selenium uptake and accumulation in plants

7.1 Selenium uptake

Selenium exists as both as organic (seleniumcysteine (SeCys) and selenium-
methionine (SeMet)) and inorganic (selenate (SeO4

2−), selenide (Se2−), selenite 
(SeO3

2−) and selenium (Se)) [61, 62]. The various species of plants, their devel-
opmental phases, type and concentration of selenium, the soil pH and its salinity 
determines the uptake and distribution of selenium in plants [14, 16]. Selenate is the 
most bioavailable form of selenium in agriculture and it is also more soluble in water 
than selenite [63]. Selenite is found in acidic soils, whereas selenate is found in alka-
line soils [14]. According to Kikkert and Berkelaar [64], the rate of translocation of 
selenate is higher than that of selenium methionine while that of selenium methio-
nine is greater than that of selenite or selenium cysteine by studying the transloca-
tion factors. Uptake of selenium is mostly carried out by transporters in the cell 
membrane of the root; selenate is transported by sulfate transporters while selenite 
is transported by phosphate transporters [14, 65]. The plants nutritional state 
determines the choice of the transporters [66]. Transporters for selenium decrease 
under extreme sulfate concentrations while the inducible transporters show greater 
affinity for sulfate than selenate than the constitutive ones [66]. Lack of sulfur and 
phosphorus in Triticum aestivum enhanced the uptake of selenium [14].

7.2 Se accumulation in plants

Selenium are usually concentrated in younger leaves during the period of 
seedling and tend to accumulate in the vacuoles of plant cells and are discharged 
via sulfate transporters in the tonoplast [67–69]. Different categories of sele-
nium accumulation exist in plants: non-accumulators, secondary accumulators 
and hyperaccumulators (Figure 3; [61]). The non-accumulators are plants that 
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accumulate lesser than 100 mgSe/Kg of their DW, cannot survive on selenium-rich 
soils and volatilize selenium in form of dimethylselenide (DMSe), for example, 
grasses [61]. The secondary accumulators show no sign of toxicity at 1000 mgSe/Kg 
DW, for example, Camelina, Brassica napus. Finally, the hyperaccumulators by their 
name accumulates greater amount of selenium (>1000 mgSe/Kg DW), flourish in 
selenium-rich areas of the world and they release selenium as dimethyldiselenide, 
such plants includes Xylohiza and Conopis.

8. Beneficial effects of selenium in plants

8.1 Metabolic importance of selenium for plants

Selenium is a non-metal that is toxic at high concentration in plants but plays an 
important role at lower concentrations in them. Selenium increases plant growth 
when triggered by ultra-violet irradiation. The selenium and UV light share a syn-
ergistic relationship in the absence of selenium the UV light is capable of damaging 
the plant but in the presence of Se, plant growth is increased [70]. Selenium also 
functions as an antioxidant in plants. This antioxidant activity is also responsible 
for the improved growth in the plant. Selenium exerts its antioxidant activity by 
alleviating lipid peroxidation through GSH-Px activity. Se induced two selenopro-
teins, which are the thioredoxin reductase and GSH-Px these enzymes protect the 
plant from oxidative stress (Djanaguiraman et al., 2010). Se protects some plants 
from abiotic stress at low concentrations [71].

8.2 The functions of selenium in plants

Selenium functions differently in various plants;

i. It induces starch accumulation in chloroplast [72]

ii. Promotes germination [73]

Figure 3. 
Classification of plants based on selenium accumulation.
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iii. Increases respiratory potential [74]

iv. Improves nitrogen assimilation [75]

v. Increases the shoot and dry matter production (Djanaguiraman et al., 2010)

9. Selenium toxicity in plants

Selenium toxicity in plants arises from an increased concentration of selenium 
beyond the optimum threshold [70, 76]. High concentrations of Se in plant root can 
cause them to exhibit symptoms of injury, stunting of growth, chlorosis, wither-
ing and drying of leaves, decreased protein synthesis and premature death of the 
plant [77, 78]. Selenium toxicity is caused by two mechanisms: the first by inducing 
oxidative stress and second by malformed selenoproteins [70] plant from oxidative 
stress (Djanaguiraman et al., 2010). Se protects some plants from abiotic stress at 
low concentrations [71].

9.1 Toxicity due to malformed selenoproteins

Malformed selenoproteins result from the substitution of seCys/seMet into 
the protein chain in place of Cys/Met, these se amino acids are unstably unfavor-
able to protein functioning. Cysteine plays a primary role in the structure and 
function of a protein chain, disulfide bond formation, chemical catalysis and also 
functions a metal-binding site. Substitution of Cys with seCys produces result 
in alteration to the protein structure and capacity due to the seCys being bigger, 
responsive and more effectively deprotonated than cysteine [79], as in the case 
of methionine sulfoxide reductase enzyme which lost its function as a result of 
the substitution of SeCys [19]. SeCys substitution mutilates the tertiary structure 
of protein because of its large diselenide bridge formation and modified redox 
potential affect enzyme kinetics [79]. Fe-S group proteins of chloroplast and 
mitochondrial electron transport chain [80] are inclined to SeCys substitution 
for instance as in the event of chloroplast NifS-like protein [81]. Fe-Se bunch are 
bigger in size and do not fit appropriately in apoproteins.

9.2 Selenium toxicity due to oxidative stress

A high dosage of selenium acts as a pro-oxidant and creates receptive oxygen 
species which cause oxidative stress in plants. Under selenium-induced stress, 
glutathione is diminished [82], except for Se-tolerant plants where raised level of 
glutathione is increased [83]. Previously studied plants such as Arabidopsis and 
Viciafaba have shown that reactive oxygen species accumulation under Se stress 
increased lipid peroxidation, cell mortality [20].

10. Selenium phytoremediation

Phytoremediation is a plant-based technology, which is eco-friendly, cheap and 
used in the treatment of contaminated soil and water resource [70, 84]. It does not 
reduce the fertility of the soil and this method of decontamination of the soil has 
been enhanced by the use of genetic engineering. Certain plants are suitable for 
phytoremediation, these plants are selected based of certain factors such as:
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i. The plants must possess large biomass production capacity, volatilization 
and high accumulation of selenium

ii. It should be easily cultivated and harvested under different growing conditions

iii. The plants must have deep roots [70]

iv. They should be cheap to cultivate [85].

10.1 Methods of phytoremediation

There are various methods of phytoremediation, but phytovolatilization, rhizo-
filtration and phytoextraction are the most stable of selenium decontamination of 
soil and water bodies [70].

10.1.1 Photoextraction

Phytoextraction is the use of higher plants which are se-hyperaccumulators in the 
removal of se-contaminates from the soil [70, 86]. These se-hyperaccumulator plants 
grow on seleniferous soil and they are able to accumulate up to 15,000 mg/kg selenium. 
These plants are cultivated on the contaminated soil then after they have successfully 
removed the se in the soil they are disposed of. The main drawback of the method is 
that these se-hyperaccumulator plants grow slowly; this makes this strategy time con-
suming. They also have limited biomass production this leads to insufficient selenium 
decontamination for the soil [87].

10.1.2 Phytovolatilization

Phytovolatilization is the process of plants absorbing contaminants from the 
soil and releasing it to the atmosphere. Green plants are able to convert inorganic 
forms of selenium which are toxic to a less toxic organic selenocompounds [70]. 
This method is advantageous over phytoextraction, because it does not require the 
disposal of contaminated plant. The particular volatile selenium released by se-
hyperaccumulator plants is dimethyldiselenide, while nonaccumulator plants release 
dimethylselenide from its leaves [88]. A more efficient method of phytoremediation 
is the combination of phytovolatilization and phytoextraction. This method increases 
the se-decontamination of soil by 2–3 times more than when carried out individually. 
Phytovolatilization method depends on certain factors such as the specie of plant, the 
microorganism in the rhizosphere, the selenium specie, temperature and so on [89].

10.1.3 Rhizofiltration

This strategy uses plant roots to decontaminate flowing water. It uses plant 
biomass to remove the contaminants as in the case of phytoextraction. Although 
they share same principle, rhizofiltration is used to decontaminant strictly water 
bodies and it involves the disposal of the root and shoot of the contaminated plant 
unlike phytoextraction which is only used to decontaminate the soil and involves 
the disposal of only the shoot of the contaminated plant.

10.1.4 Selenium biofortification

Selenium biofortification is a method used in the disposal of waste plants by 
decomposition [90, 91]. The selenium present in the plant is used to enrich the soil 
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which aids in improvement of food quality [92]. Biofortification is an agricultural 
practice used in enriching food productions with different nutrients such as sele-
nium in this case, with the purpose of increasing dietary intake by various biotech-
nological methods such as genetic engineering, plant breeding and manipulation 
of agronomic practices practices (Kieliszek and Blazejak, 2012) [93, 94]. Genetic 
engineering is a useful method of obtaining Se-biofortified food products, this is 
carried out by manipulation of selenium-related enzymes for uptake, evaporation 
and assimilation of selenium. Biofortification is cheap, safe and it also helps in 
carving out various nutrient deficiencies in diets  [95–97]. Selenium biofortification 
is used to increases selenium contents of farm produces, this helps reduce selenium 
malnutrition among a population.
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Abstract

Brazil is one of the largest meat producers. Meat along with other animal 
products have been responsible for its larger contribution as source of selenium 
(Se) for human. However, Se deficiency remains a concern because researches 
have indicated that this nutrient is found in low levels in Brazilian diet. Cattle 
in Brazil are fed basically from pasture, but there are strong evidences that soils 
contain low availability of Se; consequently plants and animals incorporate low 
Se levels. Pastures, Se fertilized, bring benefits to nutrition and health of animal 
consequently to humans already known in some countries. In contrast, Se fertiliza-
tion on tropical weathered soils and tropical forages is little known. However, Se 
management as fertilizer in tropical environments requires researches involving 
field experiments, especially with animals, for establishing of safe and effective Se 
recommendations as fertilizer due to the Se toxicity potential and complexity in 
system of soil-plant-animal-human.

Keywords: agronomic biofortification, grazing animal nutrition, selenium 
fertilization, tropical forages, weathered soils

1. Introduction

Selenium (Se) benefits for health in human and animal have provided popu-
larity for this chemical element. Selenium is a nutrient for animals since 1957 
[1]; thus, it must be part of their diet. However, there are large agricultural areas 
containing low levels of Se in soil or it is present, but as chemical forms unavailable 
for plants, consequently these areas are producing vegetables or animal products 
with low Se contents.

In Brazil, there are some researches indicating that large agricultural areas 
are located in soils with low Se levels, that is, daily diet Se intake evaluated in 
people groups from São Paulo, Brazil, presented values below to estimated average 
requirement values, which shows deficiency of Se in the diets from this region 
[2]. A research at Rio Grande do Sul, Brazil, also resulted in marginal deficiency 
of Se in cattle [3]. Both data indicated the possibility of Brazilian soils contain low 
available Se levels.

The agronomic biofortification of food through field fertilization with Se could 
be a solution to provide this micronutrient for animals and humans through plants. 
Plants are able to absorb and incorporate Se to organic compounds as seleno-amino 
acids. Thus, inorganic Se is converted to organic Se compounds through the plants 
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which can be easily absorbed by the human body and to be available where needed 
in the body [4]. In some countries, Se fertilization is well established, and it is annu-
ally done in New Zealand in which Se along with phosphorus fertilization is applied 
in pastures [5].

Selenium essentiality for plants is not convinced, but its availability for plants, 
as well as for the animals, could improve their performance and consequently the 
human health. For both animals and plants, this element acts as defense through its 
influence in glutathione peroxidase controlling oxygen reactive species from stress 
situations [6].

Large knowledge about specific rates, sources, Se dynamic in soils and plants, 
and even behavior of animal intake in pasture is required for a safe Se fertilization, 
to ensure food and environmental security. High Se levels available in soils can cause 
toxicity for plants and animals. Thus, for the beneficial of Se application as fertilizer 
commonly are required low rates, which raises concerns about risks of super dos-
ages, what can be aggravated by complex dynamic of Se in soil and plants.

2. Selenium fertilization in tropical weathered soils

Se availability in soil is the first requirement for Se application as fertilizer. 
Most soils contain low Se levels, including in tropical environments, while the 
highest contents are found at arid areas characterized by the presence of accumula-
tor plants [7].

Low Se levels were observed in the main eight soil types of Brazil (Table 1). 
These soils were collected at São Paulo state as well as in plant of Urochloa decumbens 
grown in them.

The contents up to 500 μg dm−3 characterized low Se soils [8], and confirming 
the relation between soil and plants, the samples of Urochloa decumbens comprised 
contents of 10.4–79.7 μg kg−1 Se in dry matter (unpublished data).

Besides the Se presence in soil, its availability for plants depends on oxidation 
state. Selenium is chemically similar to sulfur, but it occurs naturally in four oxida-
tion states, −2 (selenide), 0 (elemental Se), +4 (selenite), and +6 (selenate) [9]; 
however, sodium selenate is the source recommended for Se fertilizations due its 

Table 1. 
Chemical parameters of fertility in tropical soils and selenium levels in sampled soils at São Paulo state, Brazil.
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high solubility. Unlike selenate, the mechanism of selenite uptake by plants remains 
unclear [10].

In weathered soils, there are low nutrient levels; high contents of Fe, Al, and 
Mn; and high acidity, according to soils analyzed (Table 1). Thus, it is necessary to 
know the Se dynamic in these soils. A profile of weathered soils analyzed from São 
Paulo observed low Se levels in soils with higher sand contents (Figure 1) that could 
indicate leaching potential.

A study of Se adsorption and desorption in soils from Cerrado, Brazil, verified 
low values of distribution coefficient in soils; thus, Se tended to be more in solution 
than in the solid phase, and in the most weathered soils, with higher clay and Al and 
Fe oxide contents, there are the highest affinity for Se, while in sandy and loamy 
soils, Se tends to be less adsorbed and can therefore be taken up by plants or easily 
leached, damaging the ecosystem [11].

The low natural levels of Se in soils and its absence in fertilization to crops 
explain the low contents in food from vegetables [12] and consequently in Brazilian 
diet, except for northern areas [2]. Although, in a study of hemodialysis patients 
from north and southeast of Brazil, both patient groups presented low Se plasma 
levels when compared to recommended values; independently of the region, all 
patients presented Se deficiency [13].

This information is an alert for necessity to Se fertilization in Brazil. It was 
incentivized in the 1980s, but its requirement was unsuccessful, while in some 
countries, it is well stablished already. Applications of Se in areas of low Se bioavail-
ability have been an option with good results to supply this element to plants and, 
consequently to animals, improving animal performance and nutritional quality 
of food produced as milk and meat [11], even in environments with no deficiency 
symptoms [14].

However, toxic potential of selenium requires caution as fertilizer due its com-
plex dynamic nature in soil and plants. Selenium as selenate (SeO4

2−) is commonly 
found in alkaline and oxygen soils under high redox conditions (pe + pH > 15), 
and this oxidation state is predominantly absorbed by plants, while under low and 
milder redox conditions, species as selenite and selenide predominate [9].

Selenium fertilization must be controlled through safe doses and soil monitoring 
due to the possibilities of the Se dynamics in soils. Selenate can be easily absorbed 
by plants; thus, the doses for fertilizations must be carefully calculated, but also it 
could be leached with possibilities of water contamination.

Low selenate doses required for fertilization is a challenge due to concern for 
homogeneous application. According to the Selenium-Tellurium Development 

Figure 1. 
Selenium levels in tropical soil profiles and, respectively, sand contents in sampled soils at São Paulo state, 
Brazil (unpublished data).
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Association, the best way for Se application is along with other nutrients [15]. There 
are positive effects in Se application along with phosphorus fertilization [13].

Some technologies involving Se application along with macronutrients as coat-
ing became a technique to easy and high quality of application. Urea coated with a 
mix of boric acid (0.4% B), copper sulfate (0.14% Cu), and sodium selenate applied 
to Urochloa brizantha carried out in pots with weathered tropical soil resulted to 
desirable enrichment of plant with rate of 34.5 g ha−1 Se [16].

Seed pelletization seems to be a promissory tool to increase Se content in plants. 
Beneficial effects were observed in the evaluation of seed pelletization with increas-
ing selenite doses on three ryegrass cultivars; however, the authors recommended it 
to be evaluated under field conditions in Se-deficient soils [17].

Another technology is the slow release of Se fertilizer as Selcote Ultra; however, 
its application in rates of up 20 g ha−1 Se on an Ultisol soil of Puerto Rico did not 
increase in the foliage Se concentrations of Guinea grass pastures [18]. According to 
the authors, the soil and plant interrelationships may be affecting the foliage of Se 
absorption potential requiring that the effects need future consideration in terms of 
Se movement in tropical soils.

The establishment of effective and safe rates in tropical environmental still is 
required and unknown, regardless of the technical method applied to plant enrich-
ment on Se. High Se availability in agriculture soils can cause toxicity to crops, but 
it is still more concerning if a crop shows accumulator character, i.e., if a crop has 
capacity to absorb high levels of selenium with no symptoms of toxicity; this could 
increase the possibilities to cause toxicity for animals or human.

Forage plants are classified as passive accumulators due its ability to contain 
10–30 mg kg−1 of Se in dry matter; however, high-quantity animal intake of Se 
through dry matter intake could induce intoxication [19]. Although the research 
with Urochloa brizantha grown in a weathered tropical soil containing 1.8–
4.6 mg dm−3 Se resulted in high levels of Se uptake affecting biomass production, 
regardless of the soil type, plants showed high levels of Se in leaves [20].

Depending of the soil, excess of Se can be in unavailable forms to plant uptake 
over time. Soil influence in dynamic and availability of Se was observed by isolation 
of Selenium rates applied followed by comparing among soils, Arenic Hapludult, 
Rhodic Hapludox and Typic Hapludoll, which verified differents Selenium content 
remaining in soil, respectively, 22, 11, and 37 μg dm−3 and 55, 4, and 38 μg dm−3 
after Urochloa brizantha and Stylosanthes capitata cultivated, respectively (unpub-
lished data).

Besides the uptake ability among plants, the difference among soils was evident. 
This element in soil can be fixed along with iron, complexed in organic matter, or 
it can be in many oxidation states depending on the pH, oxygen, and microbial 
activity [7]. These data confirmed different soil capacities to Se adsorption, but it 
can turn available for plants in pH changes, as frequently occurs with limestone 
application, a common practice from tropical agriculture areas.

High contents of selenate in soil, for natural or anthropogenic action, can be 
establish or reestablish for agricultural or livestock, avoiding the poisoning risk 
of plants, animals, and humans [20]; in these cases, the areas must be isolated for 
remediation. The use of plants to clean up contaminated soils is a technique known 
as phytoremediation that offers a less expensive alternative to stripping pollutants 
directly from the soil [21].

The management of high Se soil also can include sulfur source application. The 
similarity between Se and S indicates the competition for sulfate transporters of 
the root plasma membrane [7]. Sulfur application at 600 kg ha−1 as soluble sources 
such as ammonium sulfate and ferric sulfate reduced damages in productivity and 
Se uptake by Urochloa grass, while the lower solubility of calcium sulfate resulted 
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in lower effectiveness in reducing Se uptake [20]. Plants used for phytoremediation 
can be used for mixture in diets of animals or used as composting to application in 
low Se areas.

3. Selenium fertilization for tropical grazing

The geochemistry of livestock-producing areas should be well understood to 
mitigate selenium-related disorders in animals [22]. In China, there are areas with 
selenosis occurrences; in contrast about 70% of China shows Selenium deficiency, 
as well as there are about 76% countries located in Se-deficient regions where the Se 
daily intake level is less than recommended [23].

Brazil is a country who owns the largest livestock in pastures; however, the 
majority of pastures are in marginal areas, under soils of low fertility. Brazil is one 
of the largest meat producers. In Brazilian food, the highest Se concentrations have 
been found to animal origin products, while vegetable food showed lower values 
[12]; however, some studies showed selenium deficiencies also in cattle, except in 
north areas [24, 25].

Cattle deficiencies have a likely relation between low Se in forage grass or 
supplements [26]. Thus, Se deficiency keeps as a concern, since this nutrient has 
been found in low levels in Brazilian diet.

Selenium fertilization could be a solution, but it is not realized in Brazil. 
Fertilizers containing selenium could support diet supplementation of grazing 
animals or animals feed with conserved forages (hay and silage), mainly consider-
ing Brazilian pasture areas with more than 160 million of hectares [27].

Selenium fertilization in pastures could increase its presence in animal and 
human diet besides its benefits to animal productivity. Feeding weaned beef calves 
for 7 weeks with alfalfa hay containing up to 3.26 mg kg−1 Se in dry matter har-
vested in fertilized fields with Se resulted to increasing whole-blood Se concentra-
tions and body weights depending upon the Se application rate [28].

Grazing Se fertilizer has been shown to be more effective and safe treatment 
than animal dosing [13]. Selenium intake by ruminants in organic form, especially 
as selenoamino acids, needs to be release from proteins until through inorganic 
forms to be metabolized while Se in milk is from organic Se supply or converted by 
ruminal microorganisms [29].

Experiment with tropical grass has been shown large differences between Se 
contents in leaves and stem + sheath. Urochloa brizantha had desirable increased Se 
in leaves (0.4 mg kg−1 Se in DM) even in smaller evaluated dose of 10 g ha−1 Se up to 
30 days, while the proportion of stem + sheath (0.1 mg kg−1 Se in DM) however for 
safe and required concentration in dry matter for cattle along with prolonged effect 
of two cuts, the authors recommended Se fertilization of 34.5 g ha−1 [16].

The fast answer of Se fertilization in tropical pastures can be positive to allow 
the low and safe doses of Se application along with nitrogen rates during rainy 
season, including for intercropped pastures with legumes. The concerning of inter-
cropped pastures is explained by legume higher ability to produce protein, which 
can be apparently favorable to Se absorption.

Thus, this fact probably will require lower Se doses for fertilization in intercropped 
pastures, including caution with palatability and proportion of legumes in pastures. For 
example, in three different weathered soils carried out in pots, fertilization of 20 g ha−1 
Se showed desirable concentrations to legume Stylosanthes capitata (136 μg kg−1 Se in 
DM), while it was insufficient to grass Urochloa brizantha (49.1 μg kg−1 Se in DM); how-
ever, it showed negative influence in content of crude protein from legume, probably by 
influence in nitrogen biological fixation (unpublished data).
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High Se contents in leaves from tropical grass and in legumes comprise another 
fact to be analyzed for Se fertilization rate establishment although with few data. 
Usually, grass leaves and legumes are preference fractions for cattle according to its 
intake selective behavior, mainly in tropical pastures due to high accumulation of 
stem portions and its low digestibility. Selenium is one of few elements absorbed by 
plants in enough quantities which enable to intoxicate domestic animals [30].

Evaluating in vitro degradability of two cuts of Urochloa brizantha produced 
using fertilization rates of 0, 10, 20, 40, and 80, and 160 g ha−1 Se verified effects 
on gas production by truly degraded organic matter, amounts of acetic by propi-
onic acids, some short-chain fatty acids and ammonia amounts [31]. The authors 
suggested that high levels of Se in forage can affect negatively ruminal microorgan-
ism activities but indicates positive effects of Se fertilization in 20 and 80 g ha−1 
on chemical composition, in vitro degradability, short-chain fatty acids, and gas 
production.

In superior plants dual effects can be exerted by Se; at low concentrations it 
acted as an antioxidant, inhibiting lipid peroxidation, whereas at higher concentra-
tions, it was a prooxidant [6]. Applied doses of selenate above 71 g ha−1 Se exceed 
maximum recommendation of 5 mg kg−1 Se in dry matter of the leaves of Urochloa 
brizantha to avoid toxicity problems in cattle [32] however with no damages in 
dry matter production [16]. Thus, even the plant is aparently normal, is necessary 
attempt that the recommendation for nutritional requirements of animals are values 
between 0.1 to 0.3 mg kg−1 in the dry matter required by cattle [20].

The effect of high Se diet concentration (60–70 μg kg BW−1 d−1) provided from 
wheat to steers indicated the negative effects of Se level used in this study on pro-
ductive performance of feedlot which were not expected [25]. Low forage digestibil-
ity can contribute to low Se effects in animals, mainly in tropical forages, while high 
Se content in forage can reduce its digestibility. Undegraded residues from in vitro 
incubation contained 25–66% of Se from Urochloa brizantha Se enriched [31].

4. Final considerations

Selenium fertilization in tropical low Se soils, as Brazil agricultural areas, is 
an emergent necessity for animal and human health, also could be beneficial for 
plants. Thus, Se fertilization in pastures is an alternative to collaborate for animal 
supplementation and human nutritional demands.

Generally, Se quantities required as fertilizer are low, and there are already avail-
able technologies to application but is an extremely necessary soil monitoring.

Nevertheless, more researches in tropical environments is required to estab-
lishment of Se rates, plants, and animal answers and reduces or even neutralizes 
toxicity risks, even though the benefits already are known.
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Chapter 5

Chromatographic Analysis of 
Selenium Species
Aleksandra Sentkowska

Abstract

Selenium is an important element in environmental and living organisms that 
is being essential in very narrow concentration range, while deficiency or toxicity 
occurs outside this range. However, its toxicity depends not only on its dose but also 
on its chemical form. In environmental samples, selenium can exist in inorganic 
forms (as elemental selenium, metal selenides, selenite, or selenate anions) and as 
organic species with direct C-Se bonds (methylated compounds, selenoaminoacids, 
and selenoproteins). Thus, the development of reliable techniques to study the 
speciation of selenium in environmental samples is necessary. The main purpose of 
this chapter is to provide an update on the recent literature concerning the strategies 
for selenium speciation in environmental samples. Liquid chromatography coupled 
with sensitive detector is a commonly used technique for selenium separation. Gas 
chromatography can also be applied for such purpose; however derivatization step 
is usually required before analysis. Direct determination of selenium species at 
the concentration levels present in natural samples is very often difficult or even 
impossible. For this, several preconcentration/separation procedures for selenium 
have been proposed, including coprecipitation, extraction into an organic solvent, 
or application of solid sorbents.

Keywords: selenium, speciation, chromatography, gas chromatography,  
liquid chromatography

1. Introduction

Selenium and its several species have been demonstrated to be essential for 
living organisms [1, 2]. It plays a key role in many important metabolic pathways 
such as thyroid hormone metabolism and antioxidant defense systems [3]. For 
these reasons, it should be present in human diet. The range between the deficiency 
and toxicity of selenium is very narrow. The nutritionally required daily uptake 
of selenium is 55 μg; however some studies suggest that it should be 100 μg [4]. It 
is estimated that the diets of 1 billion people might lack sufficiency for their well-
being [5, 6]. The toxic dose of selenium is very much dependent on its chemical 
form, with different toxicity for organic and inorganic forms [7]. Selenoaminoacids 
are principal dietary forms of selenium, and selenomethionine (SeMet) is derived 
from plants, while selenocysteine (SeCys) from animals [8, 9].

Selenium naturally exists in many different inorganic (elemental selenium, 
selenide, selenite, and selenate ions) and organic forms (methylated compounds, 
selenoaminoacids, and selenoproteins). Inorganic selenium, present in water 
and soil, can be easily transformed into volatile compounds by plants and fungi. 
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Organic species of selenium form covalent C-Se bonds. SeCys is included into 
selenoproteins and participates in redox reactions. The metabolic pathway of sele-
nium in the human body is complicated [10]. In general it can be divided into three 
groups including reduction of inorganic species by glutathione (GHS) to selenide, 
cleavage reaction of organic species by β-lyase; utilization according to the UGA 
codon leading the synthesis of selenoproteins; and finally excretion after being 
metabolized to methylated species.

Apart from the importance of the selenium in living organisms, this element is 
also spread throughout the environment. Sulfur-containing minerals are natural 
sources of selenium, but it is also produced by combustion of fossil fuels. It should 
be noticed that selenium is used in electronic industries and agriculture as a compo-
nent of fertilizers.

Several analytical procedures for determination of selenium at low concentration 
levels in environmental samples have been proposed and recently reviewed [11, 12]. 
For selenium speciation analysis, the coupling of chromatographic techniques such 
as gas chromatography (GC) or high-performance liquid chromatography (HPLC) 
with a highly sensitive and selective detector is very useful [13]. Even though GC 
exhibits high efficiency and simplicity, HPLC has the ability of dealing with non-
volatile compounds, extending the range of application and avoiding a derivatization 
step. This chapter will focus on the recent progress in the application of HPLC in 
different modes for selenium speciation analysis in water, soil, and plants. Sample 
pretreatment procedures will be also considered. The principal selenium species 
present in environmental samples are summarized in Table 1.

2. Sample preparation

Sample preparation step is crucial in every analysis where analytes are present 
at very low concentration levels. In the speciation analysis, there is also another 
difficulty that should be overcome. An important requirement for reliable specia-
tion is to retain the concentration and structure of the original chemical forms in 
the sample. In general, aquatic samples such as rain, ground- or surface water, tap 
and drinking water, seawater, and soil solutions do not require any pretreatment 
procedures other than filtration through 0.45 μm filter.

Extraction of selenium species from the solid samples with the highest recovery 
is quite challenging. According to Peachey et al. [14], selection of the extraction 
method, which provides high extraction efficiency while preventing the integrity of 
selenium species, is essential for the accurate measurement of its species. The most 
used method can be divided into three main groups:

• Extraction using aqueous solution (water, water-methanol, and buffers).

• Acid or alkali hydrolysis (hydrochloric acid and methanesulfonic acid).

• Enzymatic hydrolysis (proteinase, protease, and mixture of enzymes).

Since selenoaminoacids are water-soluble, extraction with hot water is exten-
sively used [14–17]. However, the efficiency of water extraction from yeast was 
only 10% [17]. To release bounded selenoaminoacids, enzymatic or acidic hydro-
lysis was necessary [18–20]. The addition of methanesulfonic acid was used for 
selenomethionine extraction from yeast when heated under reflux [21]. Casiot 
et al. [22] reported that extraction of selenium species from yeast with water and 
ethanol led only to 10–20% recoveries of selenium and not allowed to extract 
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selenomethionine. The addition of pectinolytic enzymes released additional 20% 
of selenomethionine, while the addition of dodecyl sulfate solution allowed solubi-
lization of a selenoprotein that accounted for 30% of total selenium. On the other 
hand, using tetramethylammonium hydroxide solubilized the sample completely, 
but the extracted selenium species were entirely degraded to selenomethionine and 
inorganic selenium [22]. It should be noticed that this type of extraction strictly 
depends on the choice of an enzyme, pH of the extraction solution, as well as 
temperature and time of the extraction. The most commonly used enzymes for 
this purpose are proteinase K or proteolytic enzymes (protease XIV), which were 
used for water-insoluble selenium fraction in many complicated matrices [23]. To 
reduce the extraction time, also ultrasonic hydrolysis can be used as the breakdown 
of Se-containing proteins (peptide bonds) into selenoaminoacids occurs [24]. The 
in vitro digestion with gastric juice was also used for selenium extraction from fish 
samples [25]. This procedure allowed SeMet determination, but the whole process 
takes few hours.

The sequential procedure developed by Chassaigne et al. [26] consisted of three 
steps: first, Tris-HCl buffer was used for extraction of water-soluble fractions, then 
also Tris-HCl with the addition of SDS for solubilization of protein fraction, and, 
finally, concentrated HNO3 was used for dissolving of the remaining solid residue. 
A similar three-step procedure was used for extraction of selenium from mush-
rooms with 89% extraction efficiency [27]. It should be noticed that sequential 
treatment was also applied for dietary supplements [28, 29].

Cuderman et al. [30] examined different extraction media to identify selenium 
species in buckwheat. The optimal extraction efficiencies were obtained by hydro-
lysis with HCl, followed by breaking the cells with liquid nitrogen and then enzy-
matic hydrolysis with protease XIV. Ammonium acetate [31], sodium hydroxide 
[32], and enzymatic hydrolysis with pronase E [33] have been proposed for extrac-
tion of selenium species from green onion leaves.

3. Total selenium determination

Determination of the total selenium content is still the first step of its analysis. 
This procedure requires that organic forms must be transferred into inorganic 
selenium that is usually achieved with digestion using strong mineral acids or UV 
irradiation after addition of hydrogen peroxide [12, 34]. For this purpose, fluorom-
etry, electrochemical detectors, atomic absorption spectrometry (AAS), atomic 
fluorescence spectrometry (AFS), mass spectrometry (MS), and neutron activation 
analysis have been used (Table 2).

Hydride generation coupled to AAS or AFS detectors is specific for Se(IV) 
determination, where these species are selectively reduced to volatile SeH2, usu-
ally by sodium tetrahydroborate in hydrochloric medium. This technique can be 
applied for the determination of total inorganic selenium (e.g., sum of selenite and 
selenate) after quantitative reduction. The content of Se(VI) is then obtained by 
the difference between two determinations. This technique can be fully automatic 
by connection with flow injection analysis system. The advantage of such system is 
minimum sample and reagent consumption as well as short time of single run.

Stripeikis et al. [44] determined selenite and selenate in drinking water using 
fully automatic online separation/pre-concentration system coupled to electro-
chemical atomic spectrometry. Preconcentration of both selenium forms was 
carried out onto a microcolumn packed with an anionic resin (Dowex 1X8) that 
was placed in the robotic arm of the autosampling device. Selenite and selenate 
were then sequentially eluted with HCl at concentration of 0.1 and 4 mol L−1, 
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respectively. The interference of large amounts of chloride ions during selenium 
atomization was prevented by using iridium as a permanent chemical modifier.

Kocot et al. [36] proposed a dispersive micro-solid-phase extraction with 
graphene as a solid adsorbent and ammonium pyrrolidine dithiocarbamate as a che-
lating agent for Se(IV) in analysis of inorganic selenium by the energy-dispersive 
X-ray fluorescence spectrometry; the concentration of Se(VI) was calculated as 
the difference between the concentration of selenite after and before reduction of 
selenate.

Due to the high selectivity and sensitivity, wide linear range, as well as multiele-
ment and multi-isotope detection, inductively coupled plasma mass spectrometry 
(ICP-MS) is a great tool for selenium analysis. However, some difficulties can be 
found when conventional ICP-MS is used for this purpose. To avoid the spectra 
interferences with 80Se isotope (the largest natural abundance of 49.6%), 82Se and 
77Se are often monitored. The use of collision/reaction cell, operating with hydro-
gen gas, lowers argon dimer interferences. This technique was applied by Reyes 
et al. to determine the selenium in biological reference materials and serum samples 
[45] and yeast [46].

4. Separation techniques in selenium speciation analysis

The occurrence of selenium at very low concentration levels as well as the 
dependence of its toxicity on the form in which it occurs resulted in the need for 
reliable analytical procedures for identification and quantification of its species. 
The coupling of separation of selenium species with sensitive detection has become 
a powerful technique for Se speciation. Liquid chromatography operating in differ-
ent modes is the most used analytical technique for this purpose; however electro-
phoresis and gas chromatography also were used in selenium analysis. That is why 
these two methods will be also described in this chapter, which will mainly focus on 
liquid chromatography.

4.1 Gas chromatography

Selenium species can be divided into volatile and nonvolatile compounds. The 
first group of compounds can be directly analyzed using gas chromatography, 

Technique Matrix Detection limit Ref.

UV-Vis Water, soil 0.012 mg L−1 [34]

Fluorometry Water 0.35 ng [35]

X-ray fluorescence Water 0.032 ng mL−1 [36]

HGAAS Water 2 ng L−1 [37]

ETAAS Seafood 0.16 μg g−1 [38]

ICP-MS Soil 3–29 ng L−1 [39]

Adsorptive stripping voltammetry Water 0.06 ng mL−1 [40]

Differential-pulse cathodic stripping voltammetry Food supplements 0.2 ng mL−1 [41]

Differential-pulse anodic stripping voltammetry 0.06 ng mL−1 [42]

Instrumental neutron activation analysis Libyan food 26–90 μg L−1 [43]

Table 2. 
Analytical methods for the determination of total selenium.
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for example, dimethylselenide was determined in human breath after ingestion 
of Se-enriched selenite [47]. For other nonvolatile compounds, derivatization is 
required.

In the literature many derivatization procedures can be found. Pelaez et al. [48] 
tested two methods of derivatization of selenomethionine and selenomethionine in 
selenium supplements. The first method consisted of esterification of the carbox-
ylic acid group using propan-2-ol and then acylation of amino group. The second 
described procedure used ethanol-ethyl chloroformated for one step derivatization. 
Then detection using ICP-MS was performed.

In general, many types of detectors were coupled with GC for speciation analysis 
of selenium. Yang et al. [49] successfully used ICP detection for the determination 
of selenium in yeast. Organoselenium species in plants were determined using 
GC-MIP-AES detection [50]. Because of the requirement of the derivatization, 
GC is not so widely used in selenium speciation analysis in comparison to liquid 
chromatography.

4.2 Capillary electrophoresis

Due to the high resolving power, capillary electrophoresis (CE) has a potential 
to be used in speciation analysis as an alternative or complementary technique 
to HPLC. CE coupled with ICP-MS was used in the analysis of selenium in yeast 
extract after SEC separation [51]. The obtained limit of detection for organic and 
inorganic species was in range 7–18 μg L−1. The main difficulty in such separation 
can be big sizes of selenopolypeptides resulting in their slow migration. In such 
case, the predigestion of selenoprotein fraction is recommended.

It should be highlighted that gel electrophoresis offers better resolution than 
liquid chromatography in the analysis of high molecular weight selenoproteins, 
which was used in such analysis by Chassaigne et al. [26], and in Se-enriched yeast 
analysis as well by Chery et al. in blood sample analysis [52].

4.3 High-performance liquid chromatography

4.3.1 Size-exclusion chromatography

Separation in size-exclusion chromatography (SEC) strictly depends on the 
size of separated analytes. That is why this technique is widely used as a prelimi-
nary step to sample purification or to separate selenoproteins from the matrix. 
Ayouni [53] observed high molecular weight selenium compounds in the extract 
of dietary supplements after separation by SEC. Conjunction of SEC with ICP-MS 
was used for analysis of the products of enzymatic digestion of selenoproteins 
fraction [54, 55]. Size-exclusion chromatography was also used in selenium analy-
sis in human plasma [56] and extracts from rats’ internal organs [57].

4.3.2 Ion-exchange chromatography

Anion-exchange chromatography has been mainly employed in selenium 
speciation analysis [58–63]. Mobile phases used in this mode usually contain 
small content of organic modifier (e.g., 2–5% methanol) and buffered salt 
solution (e.g., acetate, phosphate, and citrate). During the separation process, 
the equilibria between the charged solute ion and the oppositely charged surface 
of the stationary phase are established. The separation is achieved based on the 
differences of the strength of such interaction between analytes. Anion-exchange 
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chromatography was used in the selenium speciation analysis in garlic, sunflow-
ers, and radish sprouts [64]. In addition to well-known compounds like SeMet 
or MeSeCys, several unidentified signals were obtained. The application of 
high-resolution mass spectrometry enabled identification of additional seleno-
compounds as inorganic metabolites, such as deamino-hydroxy-seleno-homo-
lanthionine, N-acetylcysteine-selenomethionine, methylseleno-pentose-hexose, 
methylselenoglutathione, 2,3-dihydroxy-propionyl selenocysteine-cysteine, 
methyltio-selenoglutathione, 2,3-dihydroxy propionyl-seleno-lanthionine, and 
two Se-containing compounds with proposed molecular formula C10H18N2O6Se 
and C10H13N5O3Se.

Cation-exchange chromatography was used to analyze selenium-enriched yeast 
in a human adsorption study [65]. As a mobile phase, pyridinium formate buffer 
with 3% of methanol was used. This method was suitable for separation of organic 
selenium species, however not suitable to separate selenite and selenate.

4.3.3 Reversed-phase chromatography

Both, simple reversed-phase [66–68] and ion-pair (IP) reversed-phase chro-
matography [15, 28, 69], are widely used for analysis of ionic and neutral selenium 
species. The mobile phases are aqueous with small amount of polar organic solvent 
(usually methanol or acetonitrile). Because of their hydrophilicity, selenoamino-
acids are not retained onto typical reversed-phase columns. The use of ion-pairing 
reagents as mobile phase additives allows their separation. The ion-pairing reagent 
is usually an alkyl sulfonate, an alkyl sulfate, or an alkylammonium salt. Its non-
polar chain interacts with hydrophobic stationary phase (e.g., C8 or C18), while 
ionizable group is neutralized by oppositely charged analyte. Hexanesulfonic acid 
has been used as anion-pairing reagent in the speciation analysis of selenium in 
Brazil nuts, using C8 column for separation [70]. Obtaining separation was satisfied 
for organic compounds but poor for selenite and selenate. For separation of organic 
and inorganic forms of selenium, tetrabutylammonium acetate was proposed 
[71]. Also mixed ion-pairing reagents (butanesulfonic and tetramethylammonium 
hydroxide) were also used to simultaneously separate inorganic and organic species 
with satisfactory separation efficiencies [72].

New mobile phase additives are still developed, for example, room temperature 
ionic liquids [73]. Their mechanism of action is based on bilayer formulation onto 
stationary phase. It gives the possibility of additional interactions between the ana-
lyte and the bed, which significantly affects the retention and shape of the recorded 
signals. The effects of several imidazolium chlorides on the separation of selenium 
species mixture was described in details [74]. In all cases, SeMeCys was the first 
species eluted indicating its weak retention in the column, while the retention time 
of Se(VI) was increasing with the increase of alkyl chain.

4.3.4 Hydrophilic interaction liquid chromatography

Hydrophilic interaction liquid chromatography (HILIC) is a complementary 
technique to reversed-phase mode. The separation mechanism is mainly based on 
the partition of the analyte between the thin water layer adsorbed onto the station-
ary surface and the eluent, which contain high content of organic solvent usually 
acetonitrile. It is known that also other interactions such as hydrogen bonding 
dipole-dipole interactions and electrostatic forces may play an important role 
in the retention mechanism in HILIC [75]. The governed retention mechanism 
strictly depends on the type of used stationary phase and the buffer conditions 
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(content of organic solvent, concentration of salt, and pH). TSKgel Amide-80 
stationary phase with covalently bound carbamoyl groups is frequently used in the 
analysis of selenium in HILIC mode [76, 77]. According to the characterization of 
amide stationary phase, the achieved separation is not pH dependent [78]. Also 
zwitterionic and silica stationary phases have been also used in HILIC separation 
of selenium [79, 80]. It should be highlighted that in selenium separation in HILIC 
mode methanol is recommended instead of acetonitrile as a main component of 
mobile phase [79] which is shown in Figure 1.

The use of methanol enhances peak intensity, improve the separation of SeMet 
and SeMeSeCys, and shorten time of the single run. The best separation conditions 

Figure 1. 
The chromatogram of selenium compounds obtained on silica column using (A) MeOH and (B) ACN in the 
mobile phase [79]. Reprinted with permission from Elsevier.
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have been obtained for silica column and mobile phase consisted of 85% of metha-
nol and 8 mM of ammonium acetate. Using the zwitterionic column (ZIC-HILIC) 
instead of silica stationary phase resulted in recording of very asymmetric peaks.

The potential of two orthogonal chromatographic modes—RP and HILIC—was 
examined in the analysis of onion leaf extracts [79]. Higher separation efficiency 
(mainly for inorganic selenium species) and shorter retention times were obtained 
when HILIC mode was used (Figure 2).

Figure 2. 
The chromatographic separation of selenium species present in onion leaf extracts in (A) HILIC mode and (B) 
RP mode. (A) Atlantis HILIC (silica) column, mobile phase: 85% MeOH and 8 mM CH3COONH4, pH 7. (B) 
Luna C8 column, mobile phase: 99.5% HCOOH and 0.5% ACN [79]. Reprinted with permission from Elsevier.
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5. Conclusions

The determination of selenium is of great importance from the point of view 
of understanding its metabolism and its potential benefits for human health. Due 
to the variety of selenium species and low concentrations in which it occurs in 
environmental samples, liquid chromatography coupled to ICP-MS is the most 
powerful method for speciation analysis of selenium. However, other techniques, 
for example, HILIC-MS/MS, have also been successfully applied in the speciation 
analysis of selenium. It should be highlighted that for such analysis all the analyti-
cal steps like selection of separation and detection method and the optimization 
of separation parameters (eluent type and composition, mobile phase additives) 
should be optimized to avoid the coelution of selenium species.

The recent application of liquid chromatography for selenium separation in 
plants (vegetables samples) is shown in Table 3. For sure new chromatographic 
strategies will be described in the literature in the nearest future.
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Appendices and nomenclature

AAS   atomic absorption spectrometry
AFS   atomic fluorescence spectrometry

Sample (determined 
selenium species)

Mobile phase Stationary phase Detection Ref.

Reversed-phase chromatography

Green leafy vegetables 
(SeCys2, SeMet)

50% MeOH + 1.5% 
HCOOH

C18 (250 × 4.6 mm, 
5 μm)

ICP-MS [69]

Ion-pair reversed-phase chromatography

Garlic (MeSeCys, SeMet, 
Se(IV), Se(VI))

Gradient phosphate 
buffer pH 6.0, 
5% MeOH, 0.1% 
[C6mim]Cl

Agilent Zorbax SB-C8 
(150 × 4.6 mm)

HG-AFS [58]

Anion-exchange chromatography

Onion (MeSeCys, SeMet, 
Se(IV), g-glu-MeSeCys, 
Se(VI))

Gradient acetate 
buffer, pH 4.7

Hamilton PRP-X100 
(250 × 4.1 mm, 
10 mm)

ICP-MS [69]

Cation-exchange chromatography

Carrot (inorganic Se, 
SeMet, g-glu-MeSeCys)

Gradient: ammonium 
formate, pH 3.0, 5% 
MeOH

Chrompack 
IonoSpher 5C 
(150 × 2.0 mm, 
5 mm)

ICP-MS [75]

Hydrophilic liquid chromatography

Onion leaves (Se(IV), 
Se(VI), MeSeCys, SeMet)

Gradient: MeOH and 
ammonium acetate, 
pH 7

Atlantis 
HILIC (silica) 
(100 × 2.1 mm, 
3.0 mm)

MS/MS [81]

Table 3. 
Examples of the recent HPLC application for selenium speciation in plant materials.
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ACN   acetonitrile
C8   octylsilane column
CE   capillary electrophoresis
CH3COONH4 ammonium acetate
ETAAS  electrothermal atomic absorption
GC   gas chromatography
HCOOH  formic acid
HCl   hydrochloric acid
HGAAS  hydride generation atomic absorption spectrometric
HILIC  hydrophilic interaction liquid chromatography
HNO3  nitric acid
HPLC  high-performance liquid chromatography
ICP-MS  inductively coupled plasma-mass spectrometry
ILs   ionic liquids
IP   ion pair
MeOH  methanol
MeSeMet  Se-methylselenomethionine
RP   reverse phase
Se(IV)  selenite
Se(VI)  selenate
SeCys  selenocysteine
SEC   size-exclusion chromatography
SeMet  selenomethionine
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Chapter 6

Selenium in the Prevention and 
Treatment of Hepatocellular 
Carcinoma: From Biomedical 
Investigation to Clinical 
Application
Chien-Shan Cheng, Ning Wang and Yibin Feng

Abstract

Selenium is a micronutrient that had been suggested to reduce the risk of 
cancer. Hepatocellular carcinoma (HCC), a prevalent disease and one of the most 
lethal cancers in the world, awaits new alternative treatment strategies to improve 
patients’ survival. As an essential trace element, selenium has been studied for its 
anticancer properties in both oxidative stress and inflammatory-related mecha-
nisms that may contribute to HCC growth and metastasis. In recent decades, 
increasing studies have investigated the potential role of selenium in liver cancer 
involving several major cancer-associated signaling pathways, metabolic pathways, 
and antioxidant defense systems both in vitro and in preclinical models. It was also 
observed that there was an increase in the trend of development of novel selenium 
nanoparticles and selenium-containing inhibitors aiming to improve the therapeu-
tic efficacy and relative potency of selenium. However, controversies remain with 
whether a relationship exists between serum selenium level and HCC risk. This 
chapter aims to summarize the multi-target and multi-pathway in vitro and in vivo 
pharmacological effects of selenium in HCC, to provide a more comprehensive view 
and to highlight the recently discovered molecular mechanisms We hope this chap-
ter could outline the correlation of selenium level and the risk of HCC in patients 
and discuss the clinical application of selenium in HCC prevention and treatment.

Keywords: selenium, hepatocellular carcinoma, anti-cancer, carcinogenesis

1. Introduction

Selenium (Se) is a naturally occurring essential micronutrient which had been 
received considerable attention in medicine and biology. As an essential component 
for mammalian cellular function, for the synthesis of several antioxidant enzymes, 
such as glutathione peroxidase, and for the synthesis of selenoproteins, selenium 
not only plays a vital role in balancing the redox environment in the body, but also 
is related to the prevention of diseases related to free radical damage, including 
infectious diseases, cancer, and cardiovascular diseases [1, 2]. The relationship 
between selenium and health has been the focus of medical community [3]. While 
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early observational studies have shown that the trace element selenium in the envi-
ronment is closely related to the occurrence and development of tumors [3]. The 
incidence of cancer in patients with selenium deficiency is significantly increased, 
and the amount of selenium in the body is negatively correlated with cancer [4]. 
Furthermore, while some studies suggested selenium supplementation reduces the 
risk of cancer, some methodologically sound trials suggested selenium supplemen-
tation does not reduce the risk of cancer and may even increase it for some types, 
including advanced prostate cancer and skin cancer [5, 6]. An increased risk of 
diabetes has also been reported [7]. The relationship between selenium and cancer 
has been one of the most heated debates in human health over the past few decades. 
Moreover, the potential effect of selenium in the prevention and treatment of HCC 
is worthy of further investigation.

Primary liver cancer (PLC) is one of the most prevalent malignancies world-
wide, and its incidence ranks fourth among all malignancies in China [8, 9]. The 
overall prognosis for patients with PLC is unsatisfactory with a 5-year survival rate 
of about 18%, and its mortality rate ranks the third in tumor-related death [10]. 
HCC is the most prevalent pathological type of PLC, accounting for about 85–90% 
of all PLCs [11]. Among all HCC patients, approximately 70–90% of them pre-
sented with a history of chronic liver diseases and cirrhosis [12]. While the primary 
risk factors for developing cirrhosis include chronic hepatitis B virus (HBV), 
hepatitis C virus (HCV), alcoholic liver disease, and nonalcoholic steatohepatitis 
(NASH), some other risk factors for HCC include uptake of aflatoxin-contaminated 
food, diabetes, obesity, certain genetic diseases such as hemochromatosis and some 
metabolic disorders [9, 11, 13]. Also, geographical factors have a direct impact 
on the various etiological features of HCC patients and make HCC an extremely 
complex condition associated with poor prognosis.

Epidemiology studies have found that the geographical factors and specific 
environmental exposures may be associated with HCC [14]. Inconsistent with 
the world’s selenium distribution patterns, previous epidemiological studies have 
highlighted the particular relevance of selenium-associated cancer risk to the 
region of low selenium distribution, such as Asia or Africa [5, 15]. Some earlier 
surveying studies found that low environmental selenium is associated with certain 
cancers in the digestive system, and selenium supplementation may provide some 
cancer prevention effect [16]. However, the results had been inconsistent through-
out various studies. Previous intervention trials in regions with low environmental 
selenium have shown a beneficial effect of selenium supplementation for cancer 
patients, while in most parts of North America, where there is sufficient envi-
ronmental selenium, supplemental intake of selenium appears to be unrelated to 
chemoprevention [5, 17].

In Qidong, Jiangsu province, China, there is a high incidence of HCC and low 
environmental selenium level [18]. Various studies carried out in the region unrav-
eled the negative correlation of HCC mortality with serum selenium level and 
environmental selenium level [19, 20]. However, in other areas in the world with 
low environmental selenium level, such correlation was not observed, suggesting 
that selenium deficiency may not be the sole cause of liver cancer and other factors, 
such as environmental carcinogens, the of heavy industry, chemical industry, etc. 
may collaboratively contribute to the high incidence of HCC [4].

Since the 1970s, continuous efforts had been made on studying the potential 
anti-cancer effect of selenium supplementation. Decrease of serum selenium 
level has also been observed in patients with chronic liver diseases. Mechanically, 
selenium plays a vital role in maintaining healthy liver function and synthesis of 
essential liver enzymes [21, 22]. Selenium protects the liver mainly in the following 
aspects: (1) reduces the damage of toxic substances in the environment to the liver; 
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(2) protects the integrity of the liver cell membrane by scavenging free radicals 
and preventing lipid peroxides through glutathione peroxidase; (3) accelerates 
the catabolism of ethanol, protecting the liver from alcoholic damage; and (4) 
stimulates both the humoral and cellular immunity and enhances immune function 
against hepatitis virus. The present article reviews the roles of selenium in HCC.

2. The preventive role of selenium in HCC tumorigenesis

One of the most recognized roles of selenium is to prevent cancer. Since 
the 1970s, the tumorigenesis prevention role of selenium has also been studied 
in various chemical carcinogen-induced HCC models; for example, selenium 
can significantly suppress liver cancer carcinogenesis induced by aflatoxin B1, 
dimethyl azobenzene, or acetylamino. Consumption of food with Aflatoxin B1 
(AFB1) contamination is one of the leading causes of liver cancer. In 1985, Milks, 
et al. investigated the effect of selenium on aflatoxin hepatocarcinogenesis in the 
rat model and found that oral supplementation of selenium can dose- and time-
dependently reduces aflatoxin B1-induced γ-GT variant hepatocyte foci and tumor 
nodules in rat liver [23]. Similarly, another animal study by Lei et al. in 1990 also 
found that selenium supplementation had an inhibitory effect on the initiation and 
promotion stages of AFB1-induced preneoplastic foci and nodules in HCC model 
without evidence of toxicity [24]. Further study showed that oral supplementation 
of selenium could dose- and time-dependently reduces aflatoxin B1-induced γ-GT 
variant hepatocyte foci and tumor nodules in animal models. Shi et al. demon-
strated that selenium could reduce the amount of AFB1-DNA binding and effec-
tively inhibit AFB1-induced DNA damage [25]. The main reason may be that AFB1 
binds to glutathione (GSH) under the catalysis of the glutathione-S-converting 
enzyme (GSTS) and is excreted in a non-toxic form, thereby reducing the forma-
tion of AFB1-DNA compounds.

Diethylnitrosamine (DENA)-induced and phenobarbital (PB)-promoted HCC 
model is one of the most popular chemically induced HCC models used [26]. 
Thirunavukkarasu et al. conducted various studies investigating the chemopreven-
tive properties and biochemical mechanisms of sodium selenite supplementation in 
the DENA-initiated and PB-promoted HCC rodent model with four parts per mil-
lion (p.p.m.) of sodium selenite in drinking water for 14 weeks. Selenium supple-
mentation elevates malate dehydrogenase level, a vital enzyme of the citric acid 
cycle [27]; increases superoxide dismutase (SOD and catalase (CAT) levels, two key 
antioxidant enzymes [28, 29]; decreases glutathione transferase (GST) level [30]; 
decreases alanine transaminase (AST), aspartate transaminase (ALT), and lactate 
dehydrogenase (LDH) elevations [31]; suppresses the elevated glycoprotein levels 
of glycoproteins such as globulin and hexosamine [32]; elevates ATPase enzymatic 
level and alters serum mineral levels [33, 34]; as well as increases vitamins C and E 
[35] in the DENA-initiated and PB-promoted HCC rodent model.

A more recent study by Liu et al. investigated the effects of selenium-enriched 
malt (SEM) on hepatocarcinogenesis, paraneoplastic syndrome, the hormones 
regulating blood glucose, vascular endothelial growth factor (VEGF), and several 
relevant angiogenic cytokines in DENA-induced HCC rat model [36–38]. The 
results showed that SEM decreased several liver enzyme levels, including alanine 
aminotransferase (ALT), alkaline phosphatase (ALP), as well as gamma-glutam-
yltranspeptidase (GGT); increased glucose levels and reduced hypoglycemia; 
and inhibited the angiogenesis by downregulating the expression of VEGF and 
interacted with tumor necrosis factor-alpha (TNF-α) and insulin-like growth factor 
II (IGF-II), and nitric oxide (NO). These results suggested that SEM may delay the 



Importance of Selenium in the Environment and Human Health

74

development of hepatocarcinoma in DENA-induced HCC rat model and partially by 
the inhibition of angiogenesis [38].

Other preclinical animal models had also been used to study the effect of 
selenium in liver cancer. Nine or thirteen weeks of sodium selenite (6 p.p.m) 
supplementation in drinking water prevented the azo dye (3′-MeDAB) hepatocar-
cinogenesis in male Sprague-Dawley rats [39, 40]. Supplementation with sodium 
selenite or selenomethionine reduces the focal volume and lower GST level in 
2-acetylaminofluorene (2-AAF)-induced hepatocarcinogenesis rat model [41–43]. 
Sodium selenite suppressed the BOP-induced HCC in Syrian hamsters and induced 
apoptosis and caspase-3 level [44]. In the transgenic mice model, selenium supple-
mentation also demonstrates anti-hepatocarcinogenesis effect. For example, in CBA 
mice, prenatal administration of selenium significantly decreased the spontaneous 
liver tumorigenesis [45]; in TGF-α/c-Myc transgenic mice, dietary selenium supple-
mentation inhibited hepatocarcinogenesis, promoted apoptosis, and suppressed 
cell proliferation [46]; in Mdr2 knock-out mice, selenomethionine suppressed the 
development of HCC by regulating various genes involved in inflammation and 
oxidative stress [47]. In HCC xenograft, selenium-enriched green tea extracts also 
showed a suppressive effect in human hepatoma HepG2 cell mice xenograft model 
[48]. These results suggested that selenium holds a significant promising role as a 
potential anti-cancer agent in vivo in various liver cancer models.

3.  Anti-cancer effect of selenium and the potential underlying 
mechanism

Since the 1970s, the potential anti-tumor effects of selenium have attracted 
considerable research attention. In vitro studies have shown proliferation inhibi-
tory role of selenium in liver cancer, colon cancer, gastric cancer, etc. [49, 50]. 
Various in vivo and in vitro studies have revealed its promising anti-tumor role 
breast cancer, lung cancer, colorectal cancer, etc. [51, 52]. These results suggest the 
broad-spectrum anti-cancer effect of selenium. In recent decades, increasing stud-
ies have investigated the potential role of selenium in liver cancer, involving several 
major cancer-associated signaling pathways, metabolic pathways, and transcrip-
tion factors.

4. Anti-proliferative and apoptosis induction role of selenium in HCC

One of the earlier studies by Baker et al. in the 1990s on human hepatoma Hep3B 
cell line showed that selenium supplementation restores glutathione peroxidase 
mRNA expression in selenium-deprived cell culture [53]. Hill et al. investigated in 
human liver cancer HepG2 cell line showed that in selenium-deprived HepG2 cells, 
selenoprotein P release decreased to 10% [54]. Further, various studies consis-
tently reported apoptosis induction effect of selenite in human hepatoma cells 
HepG2 cells, potentially by inducing the release of lactate dehydrogenase (LDH) 
and decreasing glutathione (GSH) production [55–57]. Another study reported 
that selenite-induced apoptosis in HepG2 cells was mediated by reactive oxygen 
species (ROS) that activated JNK to regulate apoptosis [58]. A more recent study 
on selenium nanoparticle surface decorated with galangin can induce apoptosis 
through p38 and AKT signaling pathway in HepG2 cells [59]. Similarly, selenium 
nanoparticles synthesized with extract of hawthorn fruit also induced apoptosis in 
HepG2 cells [60]. Various mechanisms may be involved in the apoptosis induction 
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role of selenium and selenium-containing inhibitors for HCC. Tagaram et al. 
reported a selenium-containing MAPK and PI3 kinase inhibitor, the Se, Se′-1,4-
phenylenebis(1,2-ethanediyl) bisisoselenourea (PBISe), possesses anti-proliferative 
and pro-apoptotic ability in HCC cell lines in vitro and in in vivo in a spontaneous 
murine HCC model [39]. PBISe promoted apoptosis by inhibiting PI3K, MAPK, and 
STAT3 signaling in vitro and with significant reduce tumor sizes in vivo (p < 0.007) 
with a significant reduction in tumor survival marker PCNA and angiogenesis 
markers Vegf-A, Vegf-R3, and CD34 [39]. These results demonstrate the chemother-
apeutic effects of selenium by inhibiting tumor proliferation and inducing tumor 
apoptosis for HCC treatment.

5. Anti-oxidation effect of selenium in HCC

Oxidative stress is characterized by the excessive production of oxidants or 
ROS and insufficient elimination by protective antioxidants [40]. This persistent 
imbalance may lead to somatic mutations and neoplastic transformation [40]. In 
cancer, ROS is commonly found elevated and is a key constituent to cancer survival 
[61, 62]. Most of the effects of dietary selenium on oxidation are attributable to 
the insertion of this element to selenoproteins, mostly its cofactor glutathione 
peroxidase. In the active oxidative metabolism, selenium-dependent glutathione 
peroxidase acts with tripeptide glutathione (GSH) and competes for the catalyza-
tion for hydrogen peroxide as a substrate, scavenging reactive oxygen species (ROS) 
and lipid peroxide (LPO) [63]. In 2007, a study by Katzenellenbogen et al. investi-
gated the effect of selenomethionine on oxidative stress and inflammation or lipid 
metabolism with cDNA microarrays in HCC development in Mdr2 knockout mice 
model [47]. The results showed that selenomethionine alters the expression of com-
monly upregulated genes found in response to inflammation, oxidative stress, and 
cancer [47]. Further, the inhibitory effect on gene expression of selenomethionine 
is positively correlated with its role to reduce the incidence of large tumors [47]. 
These results provide a theoretical basis for the anticancer mechanism of selenium.

6. Anti-metastasis effect of selenium in HCC

HCC is characterized by its invasive and metastatic potential [64]. In liver can-
cer, it has been suggested that SBP1, a Se-containing protein, and its primary func-
tion is Se transport, plays a role in metastasis and if found to be highly expressed in 
healthy liver tissue but was nearly non-detectable in highly metastatic liver cancer 
cell lines [65]. Epithelial-mesenchymal transition (EMT) is a process that plays a 
vital role in HCC metastasis cascade and had been suggested to be closely related to 
the initiation of HIF-1α [64]. SBP-1 is a downstream target of HIF-1α and has been 
found that loss of SBP1 promoted liver cancer cell migration and increased GPX1 
activity, which further suppresses in hydrogen peroxide and other reactive oxygen 
species, leading to the inhibition of HIF-1α [64]. Recently study by Gao et al. 
identified 186 differentially expressed genes among control and SBP1 expressing 
HCC cells [66]. Further investigation showed C-X-C motif chemokine receptor 4 
(CXCR4) expression was inhibited by SBP1 and is closely related to the migration 
and invasion ability of HCC cells through activation of AKT signaling [66]. These 
results suggested the potential application of selenium in liver cancer metastasis 
prevention and treatment; however, more data from in vitro and in vivo are war-
ranted to solidify effect and mechanism of action.
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7. Epidemiological investigations and clinical trials

Many studies have shown that the level of blood selenium in patients with 
chronic liver disease is reduced, and it can be corrected by selenium supplementa-
tion [67–69]. Selenium supplementation can inhibit the lipid peroxidation of 
immune cells in patients with liver diseases, regulate cellular immune function, and 
alleviate immunopathological damage. In the treatment of patients with chronic 
hepatitis, in the anti-viral, immune-modulating, and liver-protecting treatment, 
it is beneficial to correct the blood selenium level of hepatitis patients by detect-
ing and conditioning so that lipid oxidation and liver repair could be resisted [12]. 
Selenium and selenium supplementation for the treatment of liver disease should 
attract the attention of the medical community. However, controversies remain 
with whether a relationship exists between serum selenium level and HCC risk.

Some pioneering studies performed in China in the 1990s showed that plasma 
selenium level is negatively correlated with the occurrence of HCC in areas with 
low environmental selenium level [19, 20]. A preliminary report by Yu et al. in 
1991 of two intervention trials in high-risk populations of PLC with selenium 
supplementation in Qidong, Jiangsu province, China, showed that among individu-
als with a family history of PLC, oral supplementation of 200 mg selenium in the 
form of selenized yeast (Se-yeast) daily for 4 and 2 years, respectively, showed 
significant reduction in PLC incidence compared with placebo [19]. Another study 
by Yu et al. in 1997 of an interventional trial among 130,471 individuals living in 
Qidong Country showed that a reduction PLC incidence by 35.1% in selenite table 
salt supplemented group vs. the non-supplemented group after an 8-year follow-up. 
Consistently, an epidemiological study in Taiwan by Yu et al. involving a cohort of 
7342 chronic carriers of hepatitis B and C virus male with an average of 5.3 years 
of follow-up showed an inverse association between plasma selenium levels and 
the risk of HCC among men with chronic hepatitis virus infection [70]. Another 
study in Korea by Kim et al. in 2012 also reported an apparent correlation between 
low plasma selenium level and incidence of HCC in Korean hepatoma patients [71]. 
However, no relationship was observed between plasma selenium concentration 
and incidence of HCC in a study with Japanese hepatoma patients [72]. In 2016, a 
systemic review meta-analysis involving 9 trials and a total of 1433 subjects sup-
ported an inverse correlation between Se level and the risk of HCC, and lowered 
Se level had a relationship with HCC with a remarkable heterogeneity (I2 = 74.3%, 
P < 0.001) [4]. However, epidemiological investigations and biological studies 
should be further conducted to demonstrate and verify whether selenium supple-
ments are beneficial for the prevention and treatment of HCC and to elucidate its 
exact mechanism of action.

8. Discussion and conclusion

Over decades, an increase in the trend of development of novel selenium 
nanoparticles and selenium-containing inhibitors aims to improve the therapeutic 
efficacy and relative potency of selenium. Experimental studies with animal tumor 
models and epidemiological studies of human tumors have revealed that selenium is 
one of the factors affecting the risk of cancer. The huge number of publications has 
suggested the potential role of selenium and redox-active selenium compounds as 
inhibitors and therapeutic agents for liver cancer. However, the studies are difficult 
to compare among different selenium compounds due to a high degree of variations 
on the effective dosage anti-proliferation due to the difference in the ex vivo culture 
condition.
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Further, although some epidemiology studies have supported the hypothesis 
that selenium supplementation can reduce the risk of cancer, inconsistent results 
have also been reported. Another important aspect of being considered for the use 
of selenium-containing compounds in anticancer is as a chemical protective agent 
against toxic side effects of anticancer drugs. Selenium has also been reported to 
have a protective effect against cisplatin-induced nephrotoxicity without affecting 
its anti-tumor activity in rodent model [73]. Further trials are needed to confirm 
the selenium supplementation for liver cancer in terms of its effect on prognosis as 
well as potential toxic effect.

This chapter summarizes the pharmacological effects of selenium in HCC in 
vitro and in vivo, and to highlight the recently discovered molecular mechanisms, 
to outline the correlation of selenium level and the risk of HCC in patients, and to 
discuss the clinical application of selenium in HCC prevention and treatment. In 
conclusion, the preclinical studies presented in this chapter summarized the prom-
ise of selenium as a potential anti-cancer agent and presented the chemo-preventive 
role in HCC. Although substantial evidence for the anti-cancer effect of selenium is 
discussed, further studies are warranted.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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