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1. INTRODUCTION

Selenium (Se) was discovered by the Swedish scientists Berzelius and 
Gahn in 1817. These scientists were aware of its toxicity and for the next 
140 years the toxicity of Se was the primary concern of biologists. The 
essentiality of Se was shown by Schwarz and Foltz in 1957. Today it is 
known that Se is an essential trace element for most living organisms. Se 
is metabolized by prokaryotes and is essential for a range of metabolic 
functions (Stolz et al., 2006). Se is needed for normal growth, reproduction 
and functioning of defence mechanisms in mammals (Wichtel et al., 1996; 
Rayman, 2002; Arthur et al. 2003; Kommisrud, 2005). Although Se is 
thought not to be essential for higher plants, recent studies have shown 
that Se has a beneficial effect on the growth of plants (Hartikainen and 
Xue, 1999).

Se enters the food chain through plants, which take the element up from 
the soil. However, Se content in soils vary considerably between and within 
countries, and both too high and too low Se contents can cause adverse 
health effects in humans and animals (Gissel-Nielsen et al., 1984; Combs, 
2001; Gupta and Gupta, 2002; Tiwary et al., 2006). 

Most countries around the Baltic Sea have a low Se content in soils 
(Oldfield, 2002). In addition to low Se levels, soil selenium may exist in 
a form that is poorly available to plants, or uptake of Se by plants can 
be inhibited by interfering substances, such as soil sulphur (Oldfield, 
1972). As a consequence, Se content is low in plants, animals and human 
diets. Diet is the main source of Se and human Se intake depends on 
the concentration of the element in food, and the amount of consumed 
food. In countries with low Se content in food sub-optimal Se status in 
the population is probable. Sub-optimal Se status in turn increases risk 
for several diseases (Rayman, 2000; Rayman, 2002; Rayman, 2008). 
Increasing the Se content in diets through fertilization of agricultural 
crops, and supplementing farm animal feed with Se helps to optimize 
both animal and human Se intake (Rayman 1997; Givens et al., 2004; 
Ekholm et al., 2005). The minimum required Se amount for humans is 
40 µg/day (Whanger, 1998) and a recommended dietary allowance (RDA) 
is suggested to be 55 µg/day (Food and Nutrition Board – USA Institute 
of Medicine, 2000). In many European countries, the most important 
Se sources have been found to be in foods of animal origin such as meat, 
fish, egg, milk and cheese (Rayman, 2000; Rayman, 2008). Based on 
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studies carried out in Finland, the significance of foods of animal origin 
in human Se intake is high, contributing over 70% of the total Se intake, 
from which the contribution of dairy products and eggs accounts for 
about 30% (Ekholm et al., 2005). 

In addition to optimizing Se content in human diets, Se supplementation 
in Se-deficient regions is also important for animal health. Without Se 
supplementation in Se deficient regions, the incidence of Se-deficiency 
disorders in farm animals is possible. Se plays an important role in 
the regulation of various physiological functions including immunity, 
reproduction and viability of young animals (Oldfield, 1972; Wichtel, 
1998). One of the most important health problems in the dairy industry 
today is bovine mastitis, which is closely associated with reduced immunity 
of dairy cows (Salman et al., 2009). There are different possibilities to 
improve the immune defence of cows and diet optimization is one of 
the solutions. 

This thesis focuses on Se-dependent defence mechanisms in the udder 
of cows. Knowledge about mechanisms of action of Se in the mammary 
gland may give new possibilities to reduce bovine mastitis and improve 
the quality of dairy products.
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2. REVIEW OF THE LITERATURE

2.1. Selenium in Estonian soils, feeds and cows

Se enters into the plant-animal-food chain from the soil. Inorganic Se salts 
in the soil are absorbed by plants and converted into organic forms - mainly 
into Se-methionine (Se-Met). Plant Se concentration is influenced by 
numerous factors such as Se content in soil, soil type, pH, microbial activity 
in the soil, the presence of specific organic and inorganic compounds, 
soil moisture, soil sulphate concentration, oxidation state of the element 
and climatic conditions (Gissel-Nielsen, 1984). For example, in regions 
where the Se content in soil is low, it is also low in local plants. In areas 
with acidic soils, Se occurs mainly as a selenite, which has very low 
plant availability because of the formation of complexes with iron and 
aluminium (Jonnalagadda and Rao, 1993; Combs, 2001). 

As deficiency and toxic concentrations of Se are very close to each other, 
country-based monitoring of Se concentration in the food chain is 
important. However, knowledge about Se status in Estonia is incomplete, 
and only a few reports about the Estonian Se situation are available 
(Suoranta et al., 1993; Kevvai, 1994; Pehrson et al., 1997; Malbe et al., 
2005). These reports indicate a low Se content in soil and agricultural 
products. A suboptimal Se content in soil was reported by Kevvai in 1994, 
where Se concentration was analysed in 13 soil samples collected from 
different parts of Estonia. The mean Se content of samples was 0.172 mg/
kg (range 0.01–0.443 mg/kg), which represent soils with a low to marginal 
Se content. Based on Tan et al. (2002) Se content in soils in certain areas 
of China have been found to be below 0.125 mg/kg. In these areas Se-
deficiency connected Keshan and Kashin-Beck diseases of the human 
population has been observed. Soil Se content can be considered excessive 
if it is more than 3 mg/kg. The Se content in some Estonian soil samples 
studied by Kevvai (1994) was below 0.125 mg/kg, which is typical for 
soils in Keshan and Kashin-Beck disease-affected areas. A sub-optimal 
Se content in Estonian plants and dairy cows is evident from the study 
by Suoranta et al. (1993), where Se contents in local hay, silage, oats and 
potatoes was reported to be 0.013-0.014 mg/kg DM and in fodder 0.05 
mg/kg DM. The Se level in tissues of five slaughtered cows, and pooled 
milk, was 0.04-0.58 mg/kg and 0.010 mg/l, respectively. A low Se content 
in cows from 11 dairy herds was confirmed by Pehrson et al. (1997). 
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In this study, the lowest and highest individual value of selenoenzyme 
glutathione peroxidase (GSH-Px) activity in erythrocytes as a marker of 
Se status was found to be 15 and 259 µkat/l respectively.

A low Se content in plants was confi rmed also in a study that was carried 
out by our working group (Malbe et al., 2005). Se content was analysed 
in 17 grain samples used for feeding dairy cows. All samples originated 
from diff erent Estonian farms (Figure 1). Ten farms out of 17 used locally 
grown grain for cow feed. Of the local grain samples, Se content was below 
0.02 mg/kg DM in six samples and 0.04-0.12 mg/kg DM in four samples. 
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Figure 1. Location of studied farms in Estonia (Malbe et al., 2005). Some of the 
studied farms used commercially produced grain (o) for cows feeding. In other farms 
cows were fed with locally grown grain (∆).

Th ese results are comparable with Se contents found in animal feeds 
in Finland more than 20 years ago, before the implementation of Se-
containing fertilizers. Based on Eurola et al. (2003), the overall Se content 
of feed materials grown in Finland, before the introduction of Se-enriched 
fertilizers, was 0.02 mg/kg DM. Since 1984, the fertilizers produced in 
Finland have been supplemented with sodium selenate, which has increased 
Se content in feed to 0.2 mg/kg DM. 
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As no Se-containing feed supplements were available during the Soviet 
period, a high incidence of “white muscle disease” in farm animals was well 
known for Estonian veterinarians before and during the 1990s. Currently, 
the Se-status of dairy cows in Estonia has increased compared with that of 
the Soviet period or the early 1990s. An increase in the selenium status of 
milk was clearly seen in the results of a study by Viitak et al.  (2007). In 
this study the Se content in milk from eight countries from the Baltic Sea 
region was compared. Based on study carried out by Viitak et al. (2007) 
the mean Se content in Estonian milk samples was 15.9 µg/L, which was 
comparable to the Se content found in milk samples from Denmark and 
Germany (15.5 µg/L and 15.7 µg/L respectively) and higher than found 
in Finnish milk samples (13.8 µg/L).

To increase the Se content in local foodstuffs and avoid Se-deficiency 
disorders in animals and the human population in Se-deficient regions, 
Se supplementation has been practised in the form of Se-containing feed 
supplements, food additives and Se-enriched fertilizers. Because Estonia 
belongs to an Se-deficient region, the use of Se supplements is necessary. 
The Se status of Estonian dairy cows has increased, mainly through 
supplementation of animal feeds with Se-containing mineral mixtures or 
Se-yeast, and administration of Se-containing injection solutions. Also, 
the use of Se-enriched fertilizers is permitted in Estonia.

Many parts of the world today are “contaminated” with Se through the 
extensive use of Se-containing feed supplements and fertilizers, which 
complicates  the design of Se-supplementation studies. To understand the 
mechanisms through which the lack of Se is involved in the pathogenesis 
of diseases, Se-deficiency conditions have been reproduced experimentally 
in farm animals and rodent models (Arthur et al., 2003). As systematic 
Se supplementation was not practised in Estonia before the 1990s, the 
naturally occuring Se-deficiency condition of dairy cows provided an 
excellent research possibility for  Se studies. 

2.2. Functions of selenium and selenium deficiency disorders

Se has diverse biological roles in animals, among which the best known 
are the protection of body tissues against oxidative stress and maintenance 
of defence against infection (Tapiero et al., 2003). The main physiological 
functions of Se in animals are reported to be due to specific SeCys-
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containing selenoproteins (Holben and Smith 1999). Se occurs in proteins 
as constituents of the amino acids SeCys and SeMet. Many of these 
proteins function as Se-dependent enzymes. When Se is lacking, numerous 
physiological functions are compromised, and in serious cases it can lead 
to clinical symptoms of Se-deficiency diseases. There are several reviews 
available giving overviews about bovine disorders associated with Se 
and vitamin E deficiency (reviewed by Oldfield, 1972; Van Vleet, 1980; 
Pehrson, 1993; Wichtel, 1998). Based on these reviews, bovine health 
problems caused by Se deficiency alone or in combination with vitamin 
E deficiency are:

1. Skeletal and cardial myophathy
2. Unthriftiness
3. Neonatal weakness 
4. Decreased viability 
5. Reduced growth rate
6. Sub-optimal productivity
7. Fertility disorders:

a. Retained placenta 
b. Infertility
c. Abortions
d. Stillbirth

8. Compromised immune system:
a. Metritis 
b. Mastitis
c. Diarrhoea

2.3. Selenoproteins

In selenoproteins SeCys is located at the active centre. The first known 
biological function of Se, as a component of the enzyme GSH-Px, was 
reported in 1973 (Flohe et al., 1973; Rotruck et al., 1973). The glutathione 
peroxidase family includes several members. At least five members of 
this family are Se-dependent enzymes, with different molecular weight, 
substrate specificity and cell distribution. Se-dependent GSH-Px identified 
in mammals are cytosolic GSH-Px (GSH-Px-1), gastrointestinal GSH-Px 
(GSH-Px-2), extracellular (plasma) GSH-Px (GSH-Px-3), phospholipid-
hydroperoxide GSH-Px (GSH-Px-4), and epididymal GSH-Px (GSH-Px-5) 
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(reviewed by Brigelius-Flohe, 1999; Arthur, 2000; Navarro-Alarcon and 
Cabrara-Vique, 2008). GSH-Px are homologous enzymes, which share 
several common features such as participating in antioxidant protection 
of cells by neutralizing oxygen radicals and hydroperoxides, and utilizing 
SeCys as a critical component of the enzyme active centre (review by 
Gladyshev and Hatfield, 1999). GSH-Px-1 is the most thoroughly studied 
and best characterized selenoprotein. For many years, its antioxidant 
activity was the only known function of Se. The activity of GSH-Px 
depends on dietary Se supply, and there is a linear relationship between 
Se intake and whole blood GSH-Px activity (Sankari, 1993), which makes 
GSH-Px useful as functional parameter for the assessment of Se status 
in animals.

However, the functions of GSH-Px do not explain all the biological effects 
associated with nutritional deficiency of Se nor the other functions of Se 
in mammalians. At present, numerous selenoproteins besides GSH-Px 
have been identified. According to  Kohrle et al. (2000), the number of 
selenoproteins in mammals could be as high as 30-50. The functions 
and the responses of most selenoproteins to Se supplementation remain 
unclear. Representatives of selenoproteins with some known functions 
include iodothyronine deiodinases, thioredoxin reductase, selenophosphate 
synthetase, selenoprotein P and selenoprotein W. 

The iodothyronine deiodinase family includes three members: - type 
1, type 2 and type 3 deiodinases. Iodothyronine deiodinases participate 
in the activation and inactivation of thyroxin (Gladyshev and Hatfield, 
1999). Whichel et al. (1996) have reported that symptoms of Se deficiency 
in calves can be explained, at least partly, by changes in the metabolism 
of thyroid hormones. 

Thioredoxin reductase (TR) occurs in a variety of isoforms and isoenzyme 
types (reviewed by Arner, 2009). The major function of TR is to catalyze 
the NADPH-dependent reduction of thioredoxin in the cytosol (Gladyshev 
and Hatfield, 1999).

Selenophosphate syntethase-2 (SPS-2). There are two forms of SPS in 
mammals of which SPS-2 is a selenoprotein. SPS-2 is an enzyme involved 
in the incorporation of SeCys into selenoproteins (Stadtman, 1996).
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Selenoprotein P (SeP) is the major plasma selenoprotein in mammals. 
SeP is the main plasma Se-transport protein which is responsible for the 
delivery of Se to various organs (Burk et al., 2003; Lobanov et al., 2008). 
It also has an antioxidant function (Steinbrenner et al., 2006).

Selenoprotein W (SeW) is reported to protect developing myoblasts 
from oxidative stress (Loflin et al., 2006) and to have a role in muscle 
metabolism (Yeh et al., 1997). SeW has been associated with white muscle 
disease in Se-deficient sheep, calves and cows (reviewed by Lescure et al., 
2009; Whanger, 2009).

2.4. The main features of selenium metabolism in ruminants – 
inorganic versus organic selenium

The most prevalent forms of Se consumed by dairy cows are selenate, 
selenite from inorganic Se supplements and SeMet, and SeCys from 
Se-yeast and basal feedstuffs. However, the organic and inorganic Se 
absorb, metabolize and incorporate into proteins in different ways, which 
influences Se concentration in tissue and the functions of selenium in 
the body.

The active form of Se in selenoenzymes is SeCys. For synthesis of SeCys, 
dietary Se, regardless of its chemical form, has to be reduced first to the 
selenide. Consuming inorganic Se in the form of selenate (SeO4), some 
selenate leaves the rumen and is absorbed in the intestine as selenate, but 
most of it is probably reduced to selenite (SeO3) in the rumen and is 
absorbed as selenite from the intestine. Absorbed selenite will be reduced 
to selenide and used for synthesis of SeCys. Some of the selenite can be 
converted into insoluble forms, such as elemental selenium or selenides 
in the rumen environment, which probably have low digestibility uptake 
(reviewed by Spears, 2003). Also, rumen bacteria can use selenium for 
synthesis of bacterial proteins (reviewed by Surai, 2006). Higher animals 
are unable to synthesize SeMet. Consuming organic form of Se, such as 
SeMet, Se moiety is removed, it is transformed to the selenide by β-lyase 
and used for synthesis of SeCys, or used for protein synthesis unchanged 
(Suzuki and Ogra, 2002). Absorption of Se compounds occurs in the small 
intestine. SeMet is probably absorbed from the intestine via the methionine 
transport system, which does not differentiate between SeMet and Met. 
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Selenate appears to have an active transport system, whereas selenite is 
absorbed from the small intestine by passive diffusion (Weiss, 2005). 
Absorption of organic Se is more efficient than absorption of inorganic Se.

Se enters the bloodstream bound to alpha- and gamma-globulins, and 
is delivered to the liver, where it undergoes metabolic changes to form 
selenoproteins (Sandholm, 1975). Se in animals can be incorporated into 
proteins specifically or non-specifically. Specific incorporation means that 
Se will be incorporated in the form of genetically encoded SeCys, the 
21st amino acid. In this case SeCys is inserted into the primary protein 
structure during translation (Burk et al., 2001). Incorporation of Se in 
proteins tends to be more effective from organic than inorganic sources 
(Hakkarainen, 1993), probably because of non-specific incorporation of 
SeMet. In non-specific incorporation SeMet replaces Met in the proteins. 
Reserves of Se in the body will be formed, for example in muscles. Se 
from reserves can be used in situations where requirements for antioxidant 
defence are increased, such as in stress conditions. Diets low/deficient in 
Met could also increase SeMet incorporation into tissue, redirecting its 
use by conversion to SeCys and incorporation into the specific SeCys-
containing proteins. 

The different “behaviour” of inorganic and organic Se in cows influences 
both blood and milk Se concentrations and GSH-Px activity. When using 
organic Se-feed supplements, higher blood and milk selenium concen-
trations will be achieved (Pehrson et al., 1999). Whether the higher Se 
status in cows from organic Se supplements will reflect improved disease 
resistance, remains unclear. 

2.5. Selenium and udder health of dairy cows

2.5.1. Mastitis in general

Bovine mastitis is an inflammation of the mammary gland. Inflammation 
is an immune response of the host against alien substances such as bacteria, 
bacterial metabolites, bacterial toxins or tissue injury. In bovine mastitis, 
bacteria are found in approximately 80% of milk samples of inflamed 
quarters (Sandholm, 1995). In most cases, mastitis can be considered as a 
disturbed balance between host and bacteria in favour of the latter, which 
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results in subsequent biochemical changes in milk (Atroshi et al., 1987; 
Atroshi et al., 1989) and pathological changes in the udder. The mammary 
gland utilizes two forms of immune response – innate and acquired. 
Innate and acquired immunity interact closely to protect against mastitis 
pathogens (reviewed by Oviedo-Boyso et al., 2007). Innate immunity 
predominates in the early stages of infection and is mediated by factors such 
as white blood cells (macrophages, neutrophils), cytokines, prostaglandins, 
leucotrienes and antimicrobial peptides. When macrophages recognize 
bacteria, they release pro-inflammatory cytokines, which induce neutrophil 
recruitment to the mammary gland. They also produce prostaglandins 
and leucotriens to increase local inflammatory reactions. Neutrophils 
recruited to the site of infection phagocytose bacteria, produce reactive 
oxygen species (ROS) and antimicrobial peptides (like defensins) to 
eliminate pathogens. Phagocytosis of the invading pathogens results in 
a respiratory burst within the polymorphonuclear leukocytes (PMN). 
In connection with the respiratory burst, oxygen metabolism within the 
cell and production of ROS will increase. ROS are produced to kill the 
engulfed pathogens, but the lack of specificity in these reactions can also 
result in tissue damage to the host. To avoid tissue damage, the ROS are 
neutralized or eliminated by natural defence mechanisms. If the innate 
immune response is not enough to destroy bacteria, the acquired immune 
response, which is mediated by T and B lymphocytes, will be mobilized. 

It has been suggested that Se can modulate host immune responses 
through several mechanisms, such as migration of leucocytes, production 
of prostaglandins, production of ROS, defending host tissues against 
destructive effect of ROS, or influencing lymphocyte proliferation (reviewed 
by Arthur et al., 2003; Lykkesfeldt and Svendsen, 2007; Hoffmann and 
Berry, 2008; Duntas, 2009). 

In countries with a highly developed dairy industry, mastitis is one of the 
major problems causing higher economic losses than any other disease, 
through the reduction of milk production and milk quality. Considering 
the health problems in Estonian dairy cows, the most common disorders 
of Estonian cows have been found to be udder diseases, followed by 
uterine infections, metabolic diseases and retained placenta (Aland et 
al., 2005). Comparing the mastitis situation in Estonian dairy cows with 
similar reports from Nordic countries, the situation in Estonia seems to 
be somewhat worse. For example, Haltia et al. (2006) has demonstrated 
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that the percentage of cows having inflammation in one or more quarters 
measured by somatic cell count (SCC≥300,000/ml) was 43.5% indicating 
a relatively high prevalence of mastitis in Estonia. The corresponding figure 
in Finland was 38% in 1995 and 31% in 2001 (Pitkälä et al., 2004). Also, 
the mean SCC in Estonian dairy milk reported by the Estonian Animal 
Recording Centre (http://www.jkkeskus.ee/) is higher than in milk from 
the Nordic countries. In 2007 for example, mean milk SCC in Estonia 
varied monthly from 365,000/ml to 431,000/ml, which was higher in 
September and lower in April. In the same year, based on National dairy 
cow recording systems, mean milk SCC in Nordic countries (Finnish 
Association for Milk Hygiene, http://www.maitohygienialiitto.fi/Pohjoism_
solumaara_03.html) was lowest in Norway (143,000/ml) and highest in 
Iceland (263,000/ml). Higher occurrence of mastitis indicators in Estonian 
milk show a need for studies to explain the reasons for mastitis, and to help 
work out methods to reduce the incidence of this disease. Stimulation of 
the udder’s own defence mechanisms, for example, is one of the possibilities 
to improve the mastitis situation. Many dietary nutrients play roles in 
maintaining an optimal immune response, and both insufficient and 
excessive intake can have negative consequences on the immune status 
and therefore susceptibility to a variety of pathogens. Se is one of the 
major immunostimulating agents. Elucidation of mechanisms by which 
Se influences the defence of the mammary gland might provide a useful 
way to reduce mastitis incidence and improve milk quality. 

2.5.2. Influence of cow selenium status on incidences of clinical 
mastitis and udder infection

Numerous studies from different countries have shown the contribution 
of dietary Se in maintaining udder health of dairy cows (Smith et al., 
1984; Ryan, 1995; Jukola et al., 1996). The earliest trials concentrated 
on influences of Se-deficiency (with or without concurrent vitamin E 
deficiency) on the incidence of naturally occurring clinical mastitis. The 
first controlled study on the effect of vitamin E and Se on mammary 
health was reported in 1984 by Smith et al. In this study the incidence 
of clinical mastitis and duration of clinical symptoms were evaluated 
for 80 cows assigned to four groups - vitamin E/Se, Se, vitamin E, and 
control group. The authors found that the incidence of clinical mastitis 
was reduced only in the vitamin E group, being 37% lower than in 
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control cows. However, the duration of clinical symptoms was reduced 
by 46% for the Se group, 44% for the vitamin E group and 62% for the 
vitamin E and Se group compared to the control cows. It was concluded 
that vitamin E deficiency may elevate the incidence of clinical mastitis, 
Se deficiency may result in longer duration of clinical symptoms and Se 
may interact with vitamin E. Findings on the influence of Se on mastitis 
were verified in later studies (Smith et al., 1985; Erskine et al., 1987; 
Jukola et al., 1996). In a study carried out by Smith et al. (1985), first 
lactation heifers were either supplemented or not with Se, starting from 
60 days pre-partum and continuing throughout lactation. Supplemented 
heifers had significantly fewer quarters infected at calving, fewer cases of 
clinical mastitis, reduced prevalence of infections throughout lactation 
and the duration of infections were shorter. Erskine et al. (1987) found 
a significant inverse correlation between prevalence of intramammary 
infections with major pathogens and mean herd GSH-Px activity in whole 
blood. Jukola et al. (1996) reported that an increase of whole blood Se 
concentration was associated with a decreased prevalence of infections of 
Staphylococcus aureus, Actinomyces pyogenes and Corynebacterium spp with 
17.7%, 31.7%, and 70.6%, respectively. However, contradicting results 
have also been reported. For example no connection was found between 
mean herd GSH-Px activity and percentage of infections with major 
pathogens in the study by Jukola et al. (1996), which may be explained 
by a small number of infections with major pathogens or a narrow range 
of GSH-Px activities in that particular study. Ndiweni et al. (1991) found 
no association between GSH-Px activity in blood and clinical mastitis in 
the survey of 18 herds with high and low mastitis incidences. The authors 
explained the lack of association with higher GSH-Px activity in cows 
compared to studies were this association was found. However, based on 
results of most studies it would be possible to say that Se has an effect on 
improvement of udder health. In later experiments, researchers have tried 
to find probable mechanisms for the effect of Se/vitamin E in nonspecific 
host defence. Most reports on the mechanism of action of Se in the 
udder have concentrated on the SCC in milk, activity of phagocytic cells, 
eicosanoid metabolism, and lymphocyte function. However, the results 
of these studies are conflicting and immunomodulatory mechanisms of 
activity of Se in cows’ mammary glands are still poorly understood.
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2.5.3. Influence of cow selenium status on inflammatory reaction in 
the mammary gland

2.5.3.1. Recruitment of somatic cells to the milk compartment

The most studied mechanism of action of Se in the udder is the somatic 
cell count and the function of these cells in the milk compartment. 
Somatic cells (neutrophils, macrophages, lymphocytes, epithelial cells 
from the secretory tissue) are also present in milk from a healthy udder. 
The number of cells in nonmastitic milk is low, being <105 cells per ml. 
During inflammation the SCC of the lactating gland may increase to over 
106 cells per ml. The increase in SCC is mostly connected with neutro-
phils that move from blood into milk. The action of the neutrophils is 
considered to be the most important defence and cleaning mechanism of 
the udder. There are a convincing number of scientific reports connecting 
cow’s Se status and number of somatic cells in the milk. In the majority 
of studies, SCC in milk is reported to be lower in herds with higher Se 
status and/or higher blood GSH-Px activity (Erskine et al., 1987; review 
by Wichtel et al., 1996). It has also been reported that dietary supple-
mentation of cows with Se and vitamin E resulted in a more rapid PMN 
influx into milk following intramammary bacterial challenge (Smith et 
al., 1997). Erskine et al. (1989) reported that milk SCC increased more 
slowly (P<0.05) in Se-deficient than in Se-supplemented cows from 8 to 
16 hours after experimentally induced intramammary E. coli infection. 
Ali-Vehmas et al. (1997) found that the relationship between infection 
and mastitis markers, such as SCC and NAGase, is poor in Se-deficient 
cows. Se supplementation significantly improved the correlation. However, 
there is also contradictionary evidence showing lower SCC in milk from 
cows from low Se herds (Kommisrud et al., 2005). 

2.5.3.2.  Activity of phagocytic cells

There are several scientific reports available about connection between 
cows Se status and phagocytic activity (Boyne and Arthur, 1979; Hogan 
et al., 1993). Phagocytosis is the major mechanism by which microbes 
are removed from the body. Macrophage activation and phagocytosis 
of bacteria are accompanied by a “respiratory burst”, an increase in the 
production of ROS. Overproduction of ROS, or impaired antioxidant 
defence, can result in oxidative damage to host macromolecules (Bartosz, 
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2009). A number of antioxidant enzymes are expressed at the same time 
to protect the cells from the cytotoxic effects of ROS directed against 
engulfed microorganisms. However, it is thought that low efficiency of the 
antioxidant mechanisms, for example due to Se deficiency, could damage 
the cells’ microbicidal and metabolic functions (McKenzie et al., 2002). 

Boyne and Arthur (1979) were the first to describe the effect of Se defi-
ciency on PMN functions in cattle. Eight Friesian steers were allocated 
to either Se-supplementation or non-supplementation groups. Results 
showed that Se deficiency in steers did not affect the ability of neutrophils 
to phagocytose Candida albicans, but Se supplementation increased the 
ability of neutrophils to kill phagocytosed bacteria. Mean percentage of 
intracellular kill of S. aureus by neutrophils from Se supplemented cows 
was 58.7±3.5 compared with 53.0±2.7 in cows fed a Se-deficient diet 
(P<0.05). However, the intracellular kill of E. coli was not influenced by 
the Se supplementation. Hogan et al. (1993) found that dietary supple-
mentation of cattle with Se resulted in a more rapid neutrophil influx 
into milk following intramammary bacterial challenge and increased 
intracellular kill of ingested bacteria by neutrophils. On the other hand, 
Weiss and Hogan (2005) couldn’t show that Se treatment affected in vitro 
bacterial kill or percentage of neutrophils that phagocytosed bacteria. It is 
also possible that the difference in Se status between the feeding groups 
was not sufficient to cause observable differences in neutrophil function.

2.5.3.3.  Eicosanoid metabolism and lymphocyte function

There are reports showing the influence of Se on eicosanoid metabolism 
and lymphocyte activity to modulate inflammation and the production 
of chemotactically active compounds (Combs and Combs, 1986; Arthur 
et al., 2003). Fatty acids of the n-3 and n-6 series act as substrates for 
the lipooxygenase and cyclooxygenase pathways; the former give rise to 
the leucotrienes, which are proinflammatory agents, and the latter the 
prostaglandins and thromboxanes. Se deficiency impaires leucotriene B4 
synthesis in macrophages, which is needed for neutrophil chemotaxis 
(Arthur et al., 2003). Se supplementation can improve these processes. 
Se has been found to affect the functioning of both T and B lymphocytes. 
Under Se-deficient conditions, lymphocytes are less able to proliferate in 
response to mitogen stimulation. The enhancing effect of Se on humoral 
immunity is seen in normal feeding concentrations of Se (0.1-0.2 ppm). 
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When the Se intake in feed rises over 3 ppm of DM, the opposite effects 
have been observed (Combs and Combs, 1986). 

2.5.3.4.  Need for further studies

Numerous scientific reports demonstrate the contribution of Se in the 
improvement of udder health (reviewed by Hemingway, 1999; Salman 
et al., 2009), but the specific molecular mechanisms of action for Se 
in the udder are still unclear. Several potential mechanisms have been 
proposed to explain the immunomodulatory effect of Se, such as the 
influence of Se on the leukocyte functioning in milk or eicosanoide 
activity. There also seem to be other functional mechanisms of Se in the 
cow udder in addition to those described previously on pages 23-25. 
For example, Ali-Vehmas et al. (1997) reported a growth-suppressing 
effect of whey on mastitis pathogens after Se-supplementation. The 
antimicrobial effect in whey may be connected with the presence of Se-
dependent antibacterial components in the cow’s udder. There is not 
enough information available from studies comparing the effects of 
organic and inorganic Se supplements on immunodefence in the cow 
udder. Most Se supplementation studies are carried out using either 
inorganic or organic Se supplements. Organic and inorganic forms of Se 
are metabolized differently by the organism, which can possibly make a 
difference when considering which form of Se is more potent in regard 
to udder defence. Studying the influence of organic and inorganic Se on 
cows’ defence mechanisms could clarify the causal relationship between 
Se supplementation and the pathophysiology of mastitis, which could be 
useful for the improvement of mastitis prevention or treatment methods. 



26

3. AIMS OF THE STUDY

1. To compare the effect of organic and inorganic Se for the purpose 
of increasing Se content in blood and milk of dairy cows (study I). 

2. To study the influence of inorganic and organic Se supplements 
on udder defence mechanisms (studies I and II). Main attention 
was paid to:

a. association between Se status and mastitis markers - SCC, 
NAGase, BSA;

b. association between cow Se status and udder infections.

3. To clarify the Se-dependent antibacterial mechanism in cows’ 
udder (study III).
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4. MATERIALS AND METHODS

This thesis consists of three parts, based on two Se-feeding experiments. 
Studies were conducted both under field conditions and controlled 
laboratory experiments (Figure 2). 

Figure 2. Experimental design. Two Se-feeding experiments were carried out with 
dairy cows in Estonia. Cows were allocated either to the sodium-selenite (study I), 
Se-yeast (studies I, II), or control groups (studies I, II). In study III, samples from 12 
cows from study II were selected based on parity and stage of lactation

4.1. Animals and selenium-supplementation

The Se supplementation experiments were carried out during the indoor 
season from October to April on Estonian dairy cows. All of the animals 
were kept in individual pens.

For study I 100 cows were selected based on stage of lactation. All animals 
were in mid-lactation. Cows were allocated into four groups of 25 animals:

1. inorganic Se (sodium selenite) group;
2. organic Se (Se-yeast) group;
3. non-supplementation group A (housed in the same barn as 

Se groups);
4. non-supplementation group B (housed in a separate barn, 

but under similar conditions).
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Control	  
group	  	  
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Control	  
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N=25	  

Farm	  2	  
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The sodium selenite was mixed with low Se barley to yield a concentrate 
feed containing 500 mg Se/kg. Organic Se was a commercial Alkosel® 
Se-yeast preparation (Alko Ltd. Biotechnology, Rajamäki, Finland) 
containing 500 mg Se/kg. Both Se-yeast and selenite were diluted a 
further 25-fold with barley. Two hundred grams of the diluted mixtures 
were measured into individual plastic bags. The control groups received 
conventional low-Se barley. All the bags were colour-coded. The animals 
were correspondingly colour-coded. The dairymen were not told which 
colour code belonged to which supplementation group. Se supplemented 
cows received 0.2 ppm Se in whole feed in each day. The supplementation 
period was eight weeks.

In study II fifty five Se-deficient cows from two commercial dairy 
farms were randomly allocated into two treatment groups with an even 
distribution of parity (1. to 6.) and month of lactation (3. to 7.): 

1. 39 cows in the organic Se (Se-yeast) group;
2. 16 cows in the non-supplementation group. 

Se supplemented cows on both farms received 4 mg organic Se in the 
form of Se yeast in their daily ration for eight weeks, whereas the non-
supplemented cows received no Se supplementation. The Se yeast contained 
500 mg Se/kg, where 85% of the Se was in the form of SeMet incorporated 
into a Saccharomyces cerevisiae protein. Se yeast was mixed with barley in a 
1:25 ratio and 200 g of the mixture was placed in individual plastic bags. 
Each animal individually received the contents of one bag once a day.

For study III, 12 cows (six from the Se-supplementation and six from the 
non-supplemented group) were selected from study II. Cows were selected 
based on low initial GSH-Px activity (≤1.02 µkat/g Hb) in their blood and 
showing no signs of mastitis during the eight week experimental period. 
Thus the 12 cows chosen had negative bacteriological findings and low 
SCC (<300.000 cells/ml) in their quarter milk samples. 

4.2. Sampling

In study I blood samples of individual cows were collected before starting 
supplementation and 1, 2, 4, 8, 14, 18 and 26 weeks thereafter. Pre-milking 
quarter milk samples were collected at the start of the experiment and 
at the end of eight weeks supplementation period. Pooled milk samples 
were formed within feeding groups.
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In study II blood samples and pre-milking quarter milk samples were 
collected at the beginning of the study and then at 2, 4, 8, 16 and 23 
weeks after the start of the Se-supplementation. Pre-milking quarter milk 
samples (n = 220 quarters) as well as blood samples were obtained from 
all cows assigned to the study. 

In study III blood and pre-milking quarter milk samples from study II 
were used. Blood and milk samples were collected at the beginning of the 
study and then at 2, 4 and 8 weeks after the start of the Se-supplementation 
period.

Sampling procedure was the same at each sampling point. Blood samples 
of individual cows were collected from the jugular vein for analyses of 
Se content (study I) and GSH-Px activity (studies I-III). Samples were 
collected into tubes containing EDTA as anticoagulant and stored at -20°C 
until analyzed. Milk samples were collected for analyses of Se content 
(study I), mastitis markers (studies I- III) and the presence of Se-dependent 
antimicrobial activity (study III). Milk samples for analysis of SCC were 
cooled immediately and delivered to the laboratory within a few hours. 
Separate milk samples for bacteriological examination were collected 
aseptically into sterile polypropylene tubes. The teats were thoroughly 
cleaned with 70% ethanol, and were allowed to dry before drawing the 
milk samples. The first few streams of milk were discarded before collecting 
the milk samples. 
Milk samples for analyses of BSA, NAGase and Se-dependent antibacterial 
activity were kept frozen at -20°C until used for analysis.

4.3. Laboratory analyses

4.3.1. Analysis of selenium in blood and milk

In study I blood Se content was analysed from four animals per group at 
each sampling. Milk Se content was analysed from pooled milk samples 
per group at the start and at the end of supplementation. The samples 
were wet-ashed with HNO3-HClO4 and the Se complexed as piazselenol 
with 2,4 diaminonaphthalene. The fluorescence of the cyclohexane extract 
was measured. Se75 was added to each sample as a tracer to control and 
correct the recovery of Se during the wet-ashing and extraction procedure 
(Lindberg, 1968).
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4.3.2. Glutathione peroxidase activity

Blood samples were analyzed for GSH-Px activity according to the method 
described by Günzler et al. (1974). GSH-Px activity was analyzed by 
the coupled glutathione peroxidase-glutathione reductase method using 
reduced glutathione (GSH) and tertiary butyl hydroperoxide as substrates 
for the first enzyme and NADPH as the substrate for the second enzyme 
to regenerate GSH from GSSG. NADPH consumption was monitored 
at 340 nm.

4.3.3. Markers of infection and inflammation in milk

4.3.3.1. Microbiological analyses

Bacteriological examination was carried out using the method 
recommended by the International Dairy Federation (Honkanen-Buzalski 
and Seuna, 1995). For bacteriological examination 10 µl of each milk 
sample was streaked onto the blood agar. The blood agar plates were 
incubated at 37˚C for 48 hrs, but the first reading was done after 24 
hours of incubation. The number of colonies derived from 10 µl milk 
was counted. Individual bacterial colonies were then transferred into the 
broth medium and incubated at 37˚C for 18 hrs. Final identification was 
based on bacterial morphology, gram-staining and biochemical tests on 
the pure cultures.  Milk from udder quarters showing the presence of the 
same bacteria at two consecutive samplings were considered to be infected.

4.3.3.2. Somatic cell counts 

SCC of quarter milk samples were analysed using the Fossomatic 
Automatic Cell Counter (Foss Electric, Hillerod, Denmark). 

4.3.3.3. Bovine serum albumin 

BSA concentration in milk was analysed with by the radial immuno-
diffusion assay principle of Mancini et al. (1965). Porcine anti-BSA IgG 
was used as the antiserum. Agar plates were prepared by casting a 2 mm 
thick gel layer between two 25×25 cm glass plates. For the preparation of a 
plate 1.5 g Bacto-agar was dissolved in 50 ml barbital buffer (ionic strength 
0.02, pH 8.6, containing 0.1% Na-azide) by heating in a microwave 
and cooling in a 56˚C water bath. To the agar medium was added 2 ml 
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antiserum mixed with 48 ml of sterile 0.9% saline and warmed to 56˚C 
in a water bath before adding to the agar medium. Before casting the 
agar between the glass plates, the bottom plate was spread with a thin 
layer of 0.2% Bacto agar to ensure good contact between the agar layer 
and the bottom plate. The plate was allowed to dry in air and was fixed 
to the glass plate by heating in an oven at 130˚C for one hour. The two 
glass plates were separated from each other by placing 2 mm thick rubber 
strips along the two opposite edges and were taped together. The agar 
medium, tempered at 56˚C, was pressed between the two plates from 
the bottom using hydrostatic pressure. After solidification of the agar 
medium the top plate was removed by sliding it aside. Wells of 4 mm 
diameter were cut, and 20 µl of milk samples were transferred into these. 
The diameter of the resulting zones was measured after 72 hours. The BSA 
concentration was extrapolated from standards obtained from pure BSA 
solutions (BSA content 2, 1.333, 0.889, 0.593, 0.395, 0.263, 0.176 and 
0.117 mg/ml). The standard curve was computed for extrapolation of the 
albumin values from the diameters of the respective precipitation zones. 
A least squares fitting for the formula y=axb was used, where x=diameter 
of the precipitation zone and y=concentration of albumin (mg/ml). For 
multiple linear regression analysis, data were logarithmically transformed 
to achieve a normal distribution.

4.3.3.4. N-acetyl-ß-D-glucosaminidase 

NAGase activity in milk was measured by fluorometric microtitration 
plate assay using the method described by Mattila and Sandholm (1985). 
Ten µl of milk samples were mixed with 40 µl of substrate solution (2.25 
mM MUAG in 0.25 M citrate puffer at pH 4.6, which is the optimum 
pH for NAGase activity). Flat-bottomed microtitration plates were used. 
After 15 min incubation in the dark at room temperature, the reaction 
was stopped by raising the pH to 10.5 by adding 150 µl of the stopping 
buffer (0.2 M glycine-NaOH buffer, pH 10.8). The resulting fluorescence 
from the released 4-MU was measured (excitation 355 nm, emission 480 
nm) by microtitration tray fluorometry using the Fluoroscan-II fluorometer 
(Labsystems, Finland). The NAGase values were extrapolated from the 
fluorescence of the standard. For standards 4-MU (2.25 M) in glycine-
NaOH buffer (0.2 M at pH 10.8) was diluted in distilled water to produce 
a dilution series containing ~2.25 mM, 225, 56.25, 14.06, 3.516, 0.879, 
0.220, 0.055 µM 4-MU. The NAGase value is represented as release of 
4-MU per minute at 25˚C as catalysed per µl of sample. 
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4.3.4. Selenium-dependent antimicrobial activity in whey

4.3.4.1. Preparation of whey

Milk samples were thawed and fat was removed by centrifugation (1000 
g, 10 min), the resulting fat-free milk was then centrifuged at high-
speed (32600 g, 60 min, 4°C) and the supernatant collected as whey for 
further purification. Whey samples were then filtered through UltrafreeR-
MC 30,000 NMWL filters (Millipore Corporation, Bedford, USA) to 
remove whey proteins with a molecular mass of over 30 kD, such as serum 
albumin, IgG, IgA, IgM, lactoperoxidase and lactoferrin (Pedersen et al., 
2003). The ultrafiltrate was used for chromatographic analysis.

4.3.4.2. Chromatographic analysis of whey samples

The ultrafiltrated whey samples were fractionated using high-performance 
liquid chromatography (HPLC). The Waters HPLC system with an anion 
exchange column Protein-Pak™ Q 8 HR (Waters Corp., Milford, MA, 
USA) was used. The mobile phase contained 50 mM Tris-HCl (Sigma, 
Chemical Company, St. Louis, USA) buffer pH 7.0 as eluent A and 50 mM 
Tris-HCl buffer pH 7.0 with 1 M NaCl as eluent B. An injection volume 
of 100 µl was used for all samples using a Waters 717 plus Autosampler. 
The column was eluted with eluent A with increasing linear gradient for 
eluent B (from 0 to 40% in 20 minutes) at a flow rate of 0.2 ml/min. After 
this the gradient returned to 100% of eluent A using a linear gradient at 
30 min at a flow rate of 0.2 ml/min. One minute fractions (40-47) were 
collected for assay of antibacterial activity. 

4.3.4.3. Analysis of antimicrobial activity in whey

Staphylococcus aureus (isolated from milk) was used as a test bacterium 
for the analysis of antibacterial activity of whey fractions according to 
the method described by Ali-Vehmas et al. (1997). Briefly, bacteria were 
stored at -70°C in iso-sensitest broth (ISB, Oxoid LTD, Basingstoke, 
Hampshire, England) containing 50% glycerol as cryoprotectant. Thawed 
bacterial suspension was streaked onto blood-esculin agar and allowed 
to grow for 20 hours at 37°C. Individual colonies were picked up with 
a loop and inoculated into a medium mixture containing 1/3 volume of 
heat-treated and filter-sterilized whey and 2/3 volume of ISB, and the 
bacteria were allowed to grow 20 hours at 37°C. Bacteria were concentrated 
by centrifugation (2000 g, 10 min) and the pellets were re-suspended in 
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saline (0.9% NaCl). The suspension was then diluted to 108 cfu per ml 
equivalent to optical density of 0.05 using a microtitration tray reading 
photometer (Multiskan MCC, Labsystems, Helsinki, Finland; wavelength 
620 nm and light path 0.5 cm). 
Antimicrobial activity of whey fractions was studied using a turbidimetric 
method, as described earlier (Ali-Vehmas et al., 1997). The Bioscreen C 
turbidimeter (Labsystems, Helsinki, Finland) was used. The analyzer 
includes an incubator for two 100-well Honeycomb microtitration trays 
and a reading system utilizing vertical light path optics. The growth 
environment in each well included 60 µl of the whey fraction, 30 µl of 
bacterial suspension and 190 µl of heat-treated and filter-sterilized whey 
(diluted 1:4 with saline). The plates were preincubated at 37°C for 10 
minutes. The turbidity of the wells was recorded every 15 minutes for 20 
hours and growth curves generated.
Inhibitory activity on S. aureus growth was defined as lower turbidity when 
compared with the simultaneously assayed reference sample, which was 
prepared from the pooled milk samples. Positive difference in turbidity 
reading indicates a slower onset of growth leading to a right-shift of the 
growth curve (Figure 5).

4.4. Statistical analyses

In study I for blood Se, GSH-Px, milk SCC and NAGase logarithmic 
transformation of the original data was used because of skewed 
distributions. Analysis of variance was used to estimate significant 
differences. A correlation matrix was produced to consider correlations. 
As the milk yield has a confounding effect on the SCC and NAGase, 
the output of cells/milking and NAGase output/milking were calculated 
to correct the effect of changes in milk output (the dilution factor). 
Similarly, the GSH-Px/Hb was calculated to correct the effect of Hb on 
blood GSH-Px. Variance among the four individual quarters (=unequal 
quarter levels of SCC and NAGase) was taken as an additional indicator 
of mastitis within individual cows. The significance values were derived 
from the Student’s t-test (paired samples) or the Mann-Whitney U-test 
(when normalization by logarithmic transformation was unsuccessful). 
The effect of supplementation on bacteriological recovery or non-recovery 
was compared by the Chi-square test. 
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In study II the effect of Se supplementation on GSH-Px and the differences 
between the farms at sampling times were tested by repeated measures 
analysis of variance. Greenhouse-Geisser corrected p-values were used 
when evaluating the significance of within effects. One-way analysis of 
variance was used to compare the groups at the beginning of the study. 
The association between cows’ blood GSH-Px and log-transformed milk 
NAGase activities and milk concentrations of SCC and BSA were  analysed 
by correlating GSH-Px activities to mastitis parameters of quarters with 
both highest and lowest SCCs. Quarters with the highest SCC were used 
when studying the predictive value of GSH-Px activity on the presence 
of bacteria by the non-parametric receiver operating characteristics curve 
(ROC) analysis. Differential positive rate (the Youden’s index) was used 
to obtain the optimal cut-off value. Fisher’s exact test and odds ratios 
were used to test the effect of treatment on the presence of infection after 
the 8-week treatment period. P-values less than 0.05 were considered 
significant. 

In study III for statistical analysis the data were divided into two groups 
with low (<3.3 µkat/g Hb) or high (>3.3 µkat/g Hb) GSH-Px activity at 
the end of the 8-week feeding experiment, based on our earlier estimate 
of ‘adequate’ GSH-Px activity in blood. Comparison of whey antibacterial 
activity on S. aureus growth inhibition between these two groups was 
calculated with the Mann-Whitney U test. Statistical significance was 
defined as p≤0.05. 

For statistical analyses the Statgraphics 6 package (Manugistics, Inc., 
Rockville, MD, USA) in study I and SPSS 10.0 for Windows (SPSS Inc., 
Chicago, Illinois, USA) in studies II and III were used. 
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5. RESULTS

5.1. Influence of selenium-supplementation on  
selenium status of cows

5.1.1. Selenium concentration

The results of study I are summarized in table 1. Organic Se increased the 
mean blood Se level from 5.1 to 167.3 µg/l (a 33-fold increase) within the 
eight-week supplementation period. The respective increase in selenite-
supplemented animals was from 6.6 to 90.7 µg/l (14-fold increase). Milk 
Se concentration of the pooled milk samples before starting Se feeding was 
3.2 µg/l. Se content in pooled milk increased to 63.6 µg/l in the Se-yeast 
supplemented group and to 23.7 µg/l in the selenite-supplemented group.

5.1.2. Glutathione peroxidase activity

Study I
The increase in GSH-Px activity within the eight week supplementation 
period was from 0.223 µkat/g Hb to 3.014 µkat/g Hb (24.0 to 317 µkat/l, a 
13-fold increase) in the Se-yeast group and from 0.220 to 2.347 µkat/g Hb 
(25.6 to 252 µkat/l, a 9.8-fold increase) in the selenite group, as calculated 
from the geometric means. The Se concentration and GSH-Px activity 
remained low within the control groups. The GSH-Px activity continued 
to increase up to 10 weeks from the end of supplementation period. 
The percentage of decrease of GSH-Px activity within the two terminal 
sampling points (eight weeks apart) was similar in both supplemented 
groups - 29% in the Se-yeast and 31% in the selenite group.
The bioavailability of feed Se-yeast after the eight weeks feeding period 
was 1.4 times that of selenite, if blood GSH-Px, 1.9 if blood Se and 2.7, 
if milk Se level was used as the response criterion. If the area under time-
concentration curve (AUC) of GSH-Px was calculated, the bioavailability 
of Se from dietary selenite was 72% of that of Se yeast (100%). In other 
words, Se-yeast was 1.4 times more effective than selenite at introducing 
Se from the diet into the body tissues.
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Study II
Before the start of Se supplementation, there was no significant difference 
in GSH-Px activity between the groups (p=0.50). GSH-Px activity in 
cows’ blood increased significantly (p<0.001) among Se-supplemented 
cows compared to the non-supplemented cows (Figure 3). The differences 
were greatest at the fourth and eighth weeks. 

Figure 3. Mean (±SEM) GSH-Px among different treatment groups at each sampling 
time (Malbe et al., 2003; study II). Cows in the Se-supplemented group received 0.2 
ppm organic Se in the form of Se-yeast daily for eight weeks.

Study III
At the start of the experiment, the median blood GSH-Px activity in 
Se-supplemented cows was 0.598 µkat/g Hb (0.402 and 0.680; 25th and 
75th percentiles, respectively), and in non-supplemented cows 0.531 µkat/g 
Hb (0.411 and 0.825; 25th and 75th percentiles, respectively) which were 
not significantly different. At eight weeks the Se supplemented cows had 
significantly higher blood GSH-Px activity (3.763, 3.050, 4,830 µkat/g Hb; 
median, 25th and 75th percentile, respectively) than the non-supplemented 
cows (1.346, 0.869, 2.351 µkat/g Hb; median, 25th and 75th percentile, 
respectively; p=0.002). 
After regrouping data into GSH-Px activity higher or lower than 4 µkat/g 
Hb, the difference was still statistically significant (Table 4). Using GSH-Px 
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activity level 4 µkat/g Hb for regrouping of data higher and lower GSH-Px 
activity was based on results in study II showing that Se supplementation 
has a positive influence on udder health when GSH-Px activity is ≥3.3 
µkat/g Hb.

5.2. Influence of selenium-supplementation on bacteriological 
findings in milk

Study I
The overall infection prevalence before initiating Se-supplementation was 
21% of quarters. S. aureus was isolated from 29% of bacteriologically 
positive samples and streptococci from 75%. The overlapping percentage 
was due to milk samples containing both species. All infections were 
subclinical. There was a significant improvement in quarter milk 
bacteriology in both Se groups compared to the control group within 
the same barn (Table 1). There was no significant change in the mastitis 
status of control group A within the same barn within the experimental 
period. However there was a significant improvement of the mastitis status 
of control group B, which was housed in a separate barn. 

Study II
Bacteriological analysis was carried out on milk samples from 1,178 
quarters. Mixed growth samples (19%) were omitted. Of the remaining 
samples, 77% showed no growth, in 12% Corynebacterium bovis was 
present and in 11% miscellaneous pathogens (mostly staphylococci, 
streptococci, coryneforms and Escherichia coli) were recorded. Due 
to the small number of pathogens identified in the milk samples, the 
bacteriological findings were divided into two classes: 1) pathogen-free 
quarters including no growth or only C. bovis and 2) pathogen-infected 
quarters with any bacterial species except for C. bovis. 

When quarter milk samples, tested and found to be pathogen-free 
at the beginning of the study, were examined after eight weeks of Se-
supplementation, the proportion of quarters still pathogen-free was 
significantly higher in the Se-supplemented group than in the non-
supplemented group (p<0.01, OR=9.7). On the other hand, when 
pathogen-infected quarters at the beginning of the study were tested 
again after the eight-weeks Se-supplementation period - the proportion 
of pathogen-free quarters was not significantly higher in the Se-
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supplemented cows when compared to the non-supplemented cows 
(p=0.14, OR=3.6, Table 2).

Table 2. Percentage (±SE) of pathogen-free and pathogen-infected udder quarters at 
eight weeks when the same quarters had been pathogen-free (upper panel) or pathogen-
infected (lower panel; adapted from Malbe et al., 2003; study II) at the start of the 
study.

	   Pathogen-free quarters at start 
 Pathogen-free 

at 8 weeks (± SE) 
Pathogen-infected 
at 8 weeks Total 

Se-yeast 
supplemeted 

93.9% (±2.9) 
(n=62) 

6.1 % (n=4) 100% 
(n=66) 

Non-
supplemented 

61.5% (±13.5)  
(n=8) 

38.5 % (n=5) 100% 
(n=13) 

p<0.01, OR=9.7 
 
Pathogen-infected quarters at start 

 

Pathogen-free 
at 8 weeks  
(± SE) 

Pathogen-infected 
at 8 weeks Total 

Se-yeast 
supplemented 

60.7% (±9.2)  
(n=17) 

39.3 % (n=11) 
100% 
(n=28) 

Non-supplemented 30.0% (±14.5)  
(n=3) 

70.0 % (n=7) 100% 
(n=10) 

p= 0.14, OR=3.6 
 

 

 When evaluating the role of Se status on bacteriological findings by ROC-
analysis, the predictive value of GSH-Px, for the presence of pathogenic 
bacteria at eight weeks, was found to be significant (AUC=0.80, p<0.01). 
Differential positive rate (the Youden’s index) showed its maximum 
value (0.57) at 3.3 µkat/Hb corresponding to a sensitivity of 83% and a 
specificity of 74% (Figure 4).
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Figure 4. The predictive value of GSH-Px activity for the presence of pathogenic 
bacteria in quarter milk samples at eight weeks after starting the Se supplementation 
study (Malbe et al., 2003; study II). Panel shows specificity, sensitivity and differential 
positive rate (DPR) (Youden’s index), (sensitivity – (1-specificity)) at varying levels of 
GSH-Px activities.

5.3. Association between selenium status and inflammation 
markers in milk

Study I
Milk SCC and NAGase showed an excellent overall correlation (p<0.001). 
In the Se-yeast group, geometric means of quarter SCC and NAGase, and 
their inter-quarter variation, correlated positively with blood GSH-Px at 
the end of the 8-week supplementation period (p<0.05). There were no 
such correlations found in either the selenite or the control groups. At 
the beginning, there was no overall significant correlation between SCC 
and bacterial numbers (cfu) in quarter milk samples. However, after the 
eight week feeding period, there was a significant positive correlation 
between SCC and bacterial numbers in the Se-yeast group (p<0.01), but 
not in the other groups.
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Study II
Negative Pearson correlation coefficients between blood GSH-Px and 
milk SCC and NAGase were significant when analysed at eight weeks 
(p<0.05, Table 3) among quarters with either highest or lowest SCCs 
(mean GSH-Px activity 3.28 µkat/Hb; range 0.73-7.22 µkat/Hb). Before 
Se supplementation, these correlations were generally low or non-significant 
(mean GSH-Px activity 0.645 µkat/Hb; range 0.33-1.52 µkat/Hb).

Pearson correlation coefficients between milk NAGase activity and SCC 
were significant (p<0.001, Table 3). However, weak correlations were found 
among milk samples from quarters with lowest SCCs. Similar patterns 
were found between SCC and BSA concentrations.

Table 3. Pearson correlation coefficients between inflammatory markers (SCC, 
NAGase, BSA) in milk samples and Se status of the cows (assessed by GSH-Px activity 
in blood) at 0 and 8 weeks. (* p<0.05, ** p<0.01, *** p<0.001; Malbe et al., 2003; 
study II).

Quarter 
with

Sampling time 
N Marker Log

SCC
Log 

NAGase
Log 
BSA

Highest 
SCC

0 week
N=55

Log NAGase  0,821 *** - -
Log BSA  0,276 * 0,378 ** -
GSH-Px -0,202 -0,342 * -0,004 

8 weeks
N=53

Log NAGase  0,904 *** - -
Log BSA  0,524 *** 0,462 *** -
GSH-Px -0,279 * -0,341 * -0,112 

Lowest 
SCC

0 week
N=55

Log NAGase  0,458 *** - -
Log BSA -0,172 -0,127 -
GSH-Px -0,187 -0,191  0,127 

8 weeks
N=53

Log NAGase  0,698 *** - -
Log BSA  0,237 0,197 -
GSH-Px -0,299 * -0,353 * -0,138 
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5.4. Presence of selenium-dependent antimicrobial 
activity in whey

Inhibition of growth of S. aureus was observed only in two fractions (42 
and/or 43) out of eight fractions studied in detail (figure 5).

Figure 5. The effect of whey fractions 42 and 43 on growth curves of S. aureus (Malbe 
et al., 2006; study III). The results from 5 to 18 h are shown for two cows whose milk 
was sampled before (0-w) and after (8-w) the 8-week Se supplementation. Upper panel: 
non-supplemented (control) cow, lower panel: Se-supplemented (Se) cow. Reference 
whey (Ref ) was prepared from pooled milk samples from non-supplemented cows.
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An association between high GSH-Px activity in the blood from cows 
supplemented with Se and growth inhibitory activity in whey fractions 
was found. A significant (p<0.05) inhibitory effect on S. aureus growth 
was found in these two fractions after the eight week experimental period 
in Se-supplemented cows whose blood GSH-Px activity exceeded 4 µkat/g 
Hb (Table 4).

Table 4. Effect of Se supplementation on inhibitory activity of whey fractions on S. 
aureus growth (Malbe et al. 2006; study III).

 ID Treat-
ment

GSH-Px 
activity*

(µkat/g Hb)

Inhibitory activity†

Fraction 42 Fraction 43

0-w 8-w 0-w 8-w 0-w 8-w

H
ig

he
r

G
SH

-P
x 42 Se-sup 0.623 4.845 0.094 0.482 0.221 0.453

38 Se-sup 0.593 4.814 0.310 0.145 0.145 0.200
33 Se-sup 0.604 4.235 -0.042 0.102 -0.029 0.113

Mean 0.607 4.632 0.121 0.243 0.112 0.255

Lo
w

er
G

SH
-P

x

10 Se-sup 0.736 3.290 -0.087 -0.137 0.080 -0.116
13 Se-sup 0.366 3.156 -0.083 -0.042 -0.043 0.003
3 Se-sup 0.438 2.943 0.060 -0.105 -0.078 -0.132
53 Non-sup 1.016 2.544 -0.037 -0.281 -0.117 -0.237
47 Non-sup 0.432 2.157 0.142 0.144 -0.092 0.033
50 Non-sup 0.444 1.469 0.069 0.041 0.120 -0.013
5 Non-sup 0.618 1.222 0.106 0.007 -0.049 -0.152
17 Non-sup 0.637 1.004 -0.001 -0.098 0.073 0.089
16 Non-sup 0.390 0.734 0.064 -0.102 0.143 0.047

Mean 0.564 2.058 0.026 -0.064 0.004 -0.053
P‡ N.S. <0.05 N.S. <0.05 N.S. <0.05

* Results (lines) are arranged by declining blood GSH-Px activity at 8 weeks. The 
inhibitory activity was clearly evident when GSH-Px activity exceeded 4 µkat/g Hb. 
Therefore, data were regrouped for statistical analysis based on this cut-off point (‘Higher 
GSH-Px’ and ‘Lower GSH-Px’). † Inhibitory activity was calculated by subtracting 
turbidity (absorbance readings) from the respective readings of the reference sample at 
each time point. Maximum differences (vertical distance of growth curves, cf. Figure 
5) are tabulated. Positive values represent a slower onset of S. aureus growth indicating 
inhibitory activity in the fraction studied. 
‡ Mann-Whitney U test.
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6. DISCUSSION

6.1. Need for additional selenium studies for udder health

Two decades of studies on possible connections between Se status and 
mastitis of dairy cows clearly indicate that Se supplementation reduces both 
the number of incidences and severity of mastitis (reviewed by Hemingway, 
1999, Salman et al., 2009), but the mechanisms of influence are much 
more unclear, concluding mainly with non-answered questions. These 
questions clearly show the need for further research. Some examples of 
areas where additional information would be valuable from the point 
of view of discovering new possibilities for using Se for improvement of 
mammary gland health are:

-	 identification of novel biomarkers for Se status;
-	 comparison of effect of organic and inorganic Se sources on 

udder defence; 
-	 explanation mechanisms of action of Se in the mammary 

gland.

These research areas are closely connected and limited information in 
one of these three fields complicates advancement within the other two 
research areas. For example, to assess the Se status of cows we need good 
Se biomarkers and scientific information about the adequacy of Se status. 
Today, Se status of cows is assessed mostly by analyzing Se from body 
fluids, or GSH-Px activity in blood. Both of these Se markers suffer from 
limitations. Measurement of the content of Se in blood or milk primarily 
indicates the Se intake. To obtain information about the functional status 
of Se, blood GSH-Px activity is analysed. However, Se content is influenced 
not only by the amount, but also by chemical characteristics of dietary 
Se (Combs, 2005). In herds with relatively high intakes of Se, GSH-Px 
activity reaches a plateau beyond which additional Se-supplementation has 
no effect. Using GSH-Px activity as a marker for Se level is useful only in 
Se-deficient cows. In addition to GSH-Px, numerous selenoproteins have 
been discovered in animals. A Se level which is thought to be optimal 
for cows, based on maximum activity of GSH-Px in blood, could be 
insufficient in regard to other selenoproteins. Until now, GSH-Px is the 
only well established marker for Se status, but future research focussed 
on the functions of selenoproteins could provide better biomarkers. 
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The effect of Se, from either organic or inorganic sources, on mammary 
gland defence depends on intestinal absorption and metabolism in 
cells. Since the uptake and metabolism of organic and inorganic Se are 
different (review by Weiss, 2005), the source of Se in feed influences 
the incorporation of Se into proteins and therefore the functions of Se 
in the body. When using organic Se source for cows’ feeding, a higher 
tissue Se status will be obtained through the nonspecific incorporation 
of SeMet instead of Met into the proteins. Whether the higher Se status 
in cows by using organic Se supplements is reflected in improved udder 
health compared with inorganic Se remains unclear. Se from selenite is 
effectively used for selenoprotein synthesis, but inorganic Se cannot be 
stored in the body. Because selenite is used in selenoprotein synthesis, 
inflammation mechanisms involving selenoproteins appear to be activated 
efficiently when using inorganic Se for supplementation, and any additional 
advantage of using organic Se remains unclear. At the herd level, the Se 
source resulting in the most beneficial net results is subject to economic 
considerations, such as cost of supplementation and the economic value 
of the response, e. g. prevalence and/or severity of mastitis. However, the 
results from trials comparing the effects of organic and inorganic Se on 
udder health are limited, and results contradicting. This contradiction 
may be partly connected with unclear information about the mechanisms 
of function of Se in the udder. Furthermore, Se status is only one of 
several factors influencing the udder health of dairy cows. There are 
numerous other influencing factors such as housing management and 
milking hygiene, feeding, lactation period and cow age (Elmoslemany et 
al., 2009; Heinrichs et al., 2009; Nyman et al., 2009). The relationship 
between the prevalence of mastitis and Se status in the herd is not simple 
due to the interference of these other factors. The management factor is 
the most difficult one to control in mastitis research, especially when 
using commercial dairy herds. These difficulties were clearly demonstrated 
in both of  the animal experiments described in this thesis. In the first 
study, the control animals kept in a separate barn showed a significant 
improvement in mastitis within the eight week period, probably because 
of better management (better milking hygiene, proper milking, cleaner 
environment) and in the second study some control cows showed an 
increase in GSH-Px activity because of additional Se administration by 
veterinarians through injection. 

This thesis provides additional information within all of the three research 
areas pointed out at the beginning of this chapter. Thus,  insights are given 
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into Se markers used in the assessment of Se status; effects of organic 
and inorganic feed supplements on udder health are compared, with 
the main focus on Se-dependent defence mechanisms in cows’ udders; 
and most importantly novel findings about Se-dependent antimicrobial 
factors in whey are presented. The additional benefit from our work comes 
through the information provided about Se-status on Estonian dairy 
cows. However, further research on the characterization of antimicrobial 
compound(s) in Se-supplemented milk is required. 

6.2. Influence of organic and inorganic selenium supplements on 
cows’ selenium status

In study I, it was found that both organic and inorganic sources of Se 
are useful for increasing the Se status of cows. However, this study also 
demonstrates the higher efficacy of organic Se compared to inorganic Se 
for increasing content of Se in blood and milk, as the Se content of blood 
increased 33-fold in the Se-yeast group but only 14-fold in the selenite 
group after eight weeks of Se supplementation. Determination of Se in 
body fluids does not provide any information of the functional activity 
of Se, so GSH-Px activity in whole blood was also analysed. In study I, 
GSH-Px activity increased 13-fold in the Se-yeast group and ~10-fold in 
the selenite group showing that Se-yeast was more effective in increasing 
GSH-Px activity in cows. The GSH-Px activity still continued to increase 
up to 10 weeks from the end of the supplementation period and maximum 
GSH-Px activity was reached at the same time in both Se-groups. The 
increase in GSH-Px activity after discontinuing Se supplementation could 
be explained by the fact that most of the GSH-Px of bovine blood is 
contained within the red blood cells. The GSH-Px becomes incorporated 
in the red cells during red cell maturation within the bone marrow (Weiss, 
2005). Maximum GSH-Px activity in blood will therefore be reached when 
the whole red cell population has been renewed which takes 3-4 months. 
Another possible explanation for the continuous increase of GSH-Px 
activity in blood up to 10 weeks after discontinuing Se supplementation 
is the formation of a Se depot in the body, which could be available for 
subsequent synthesis of GSH-Px. After the end of Se supplementation 
the percentage decrease of GSH-Px activity during the eight week period 
was practically the same in both Se-supplemented groups being 29% and 
31%, in the Se-yeast and selenite groups respectively. This indicates that 
organic Se did not result in a superior “depot” effect and Se-yeast had 
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no advantage over selenite as far as the extended Se effect is concerned. 
Because organic Se becomes incorporated more effectively in various 
proteins in the body, tissue Se concentrations and GSH-Px activities 
tend to become higher when using organic forms of Se (Pehrson et al., 
1999). Therefore, a longer residual effect would be expected in Se-yeast 
supplemented cows. However, this was not seen in study I. Of course, the 
degree of incorporation depends on the nutritional status and the balance 
between anabolic and catabolic processes of the animals. The situation 
might have been different if the cows had been primarily in anabolic 
balance. According to the standards of National Research Council of 
America (NRC), the experimental cows were on a low protein and energy 
supply and produced only 10 l milk/day, and thus were primarily catabolic.

When comparing the bioavailability of organic and inorganic Se, yeast 
Se was superior to selenite. If the bioavailability of selenite=1, the relative 
bioavailability of yeast Se was 1.4 if blood GSH-Px was used as marker, 
1.9 for blood Se, and 2.7 for milk Se. If there is a linear dose-response 
relationship during the supplementation period, it is possible to calculate 
how much Se yeast would be required to give the same effect as 0.2 ppm 
selenite in the feed. Based on the results of study I, an equal blood Se 
level would have been reached with 0.11 ppm yeast Se in the feed. If the 
blood GSH-Px activity is used as the criterion, 0.16 ppm yeast Se would be 
needed to reach the same Se level compared to that of using selenite, and 
if the milk was used as a criterion, 0.075 ppm would give the same effect. 

6.3. Effect of selenium supplementation on mastitis markers in 
milk

Se-supplementation had a positive effect on udder health, which was clearly 
seen in quarter-based bacteriology analysis. Study I was designed with cows 
suffering from severe Se deficiency, and in farms where a high prevalence 
of mastitis was a serious problem. In this study, the percentage of quarters 
harbouring mastitis pathogens dropped in both Se-groups. The percentage 
of quarters with mastitis pathogens dropped from 22.9 to 13.0 in the Se-
yeast group and from 18.4 to 7.4 in the selenite group. Our findings, that 
an increase of the cows’ Se status reduced udder infections, are in accord 
with observations obtained in Finland. Jukola et al. (1996) reported a 
decrease of all infections by 17.7% following an increase of the cows’ Se 
status. In study I, the decrease in infections during the experimental period 
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was 20.9%, which is quite similar to the results reported by Jukola et al. 
(1996). Findings that Se increases host defence against invading bacteria 
were also confirmed in study II. However, the results from study II showed 
that Se would be most effective in preventing intramammary infections 
in healthy quarters, with little or no effect on those quarters which were 
already infected before initiating Se-supplementation - at least in farms 
with moderate Se deficiency. When the milk samples from quarters which 
were pathogen-free before starting Se supplementation were re-examined 
at the end of 8-weeks of Se-supplementation, it was evident that the 
proportion of quarters still pathogen-free was significantly higher in the 
Se-supplemented than in the non-supplemented cows (P<0.01, OR 9.7). 
Se supplementation had no significant effect on improvement of quarters 
which were pathogen-infected at the start of the study, as there was no 
significant difference between Se-supplemented and non-supplemented 
cows at the end of experimental period (P=0 .14, OR 3.6). The results of 
studies I and II indicate the connections between Se-status and the udder 
health of cows. In study II, cow GSH-Px activity in whole blood, before 
starting Se feeding, was higher compared with that in study I. Feeding 
of cows with Se-yeast during eight weeks was effective in maintaining 
pathogen-free udder quarters. Apparently there was more potential to 
move from bad conditions to good than from adequate to good and 
that is probably why the influence of Se feeding on mastitis pathogens 
seems to have been more effective in study I. The difference may also be 
connected to the fact that the number of infected udder quarters in study 
II was lower than in study I.

To evaluate the true effect of an improved Se status, the predictive value 
of GSH-Px activity in blood on prevalence of mastitis pathogens in milk 
after eight weeks of Se supplementation was studied. The analysis of 
differential positive rate (Youden’s index) revealed a cut-off point of 3.3 
µKat/Hb of GSH-Px activity in whole blood. This suggests that, when 
blood GSH-Px activities in cows were below this value, individual quarter 
milk samples were more prone to be infected by pathogens than in cows 
with GSH-Px activity above this value. A Se concentration of 30-70 
µg/L blood has been considered to be marginal in dairy cows (Braun et 
al., 1991). Results from the studies described in this thesis, together with 
reports from other researchers, show that the Se level needed for proper 
functioning of the immune system are higher than the level which has 
previously been reported to be optimal in cows. Studies from Finland 
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(Jukola at al 1996) and the USA (Smith et al., 1984) have shown that a 
Se level of 200 µg/L is needed to optimize udder health of dairy cows. 
A GSH-Px activity of 3.3 µKat/g Hb obtained in our laboratory is in 
accordance with a Se-level of ~113 µg/L in blood. This Se level is needed 
to achieve a positive effect on udder infection in cows in Estonia, but it is 
nearly half of what has been reported to be optimal. However, this level 
is higher than that which is reported as marginal for cows.

6.4. Selenium-dependent growth inhibition of Staphylococcus 
aureus in cows’ whey

Study III gave insights into the molecular mechanisms behind Se-
dependent udder defence. Earlier findings in our laboratory had shown 
that Se supplementation in Se-deficient cows induced changes in the 
composition of whole whey, which inhibited, or restricted, the growth 
of mastitis pathogens (Ali-Vehmas et al., 1997). These results therefore 
suggested the presence of specific Se-dependent antimicrobial component(s) 
in whey. In study III, this work was verified and continued by developing 
methods for the separation and isolation of potential antimicrobial 
components. We found that growth of S. aureus was inhibited by whey 
fractions from Se-supplemented cows whose GSH-Px activity in blood 
exceeded 4 µkat/g Hb. We hypothesised that the antimicrobial activity is 
due to one or more Se-dependent antimicrobial component(s) in whey, and 
that these components function as part of the normal defence mechanisms 
of the mammary gland. From the separation methods used in study III, 
it is known that the component(s) has a molecular weight of less than 
30,000 Da, and that it binds to an anion-exchange matrix under acidic 
conditions. These characteristics are consistent with peptides or small 
proteins, although it is not possible to rule out carbohydrates or lipids. 
Assuming that antimicrobial activity is connected with small proteins 
or peptides containing Se, it is known that Se can be incorporated into 
peptides as SeMet or SeCys, the latter requiring specific insertion elements 
in the messenger RNA. Because SeMet is incorporated non-specifically 
in place of Met, and based on the relative occurrence of the two amino 
acids in the diet, we consider it more likely that the Se-dependent factor 
could be a peptide or protein containing SeMet. Another possibility is 
that the Se-dependent antimicrobial component itself does not contain 
Se but is activated by another mechanism affected by Se. Several host 
defence-related components have been identified in cow’s milk, such as 
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complement proteins, cytokines, immunoglobulins, non-specific proteins 
such as lactoferrin, lyzosyme, transferrin, or lactoperoxidase having either 
bacteriostatic or bactericidal effects against mastitis pathogens (Salman, 
2009). Also, there is a range of peptides and proteins present in milk which 
have direct antimicrobial activity (Smolenski et al., 2007; Stelwagen et al., 
2009). Host defence proteins present in milk may originate from different 
sources such as serum, mammary epithelial cells, or polymorphonuclear 
leucocytes. Today it is known that Se affects many aspects of innate immune 
function in mammals, including the defence function of epithelium, and 
activity of phagocytes. It is also possible that an increased Se status in cows 
affects production of some of the antimicrobial peptides synthesised in a 
variety of cells, including leucocytes, epithelial cells, or keratinocytes, in 
the mammary gland. Some of these peptides have a direct antimicrobial 
function in vivo, but recent studies show that immunomodulatory activity 
of these host defence peptides is as important, or even more important 
than, direct antimicrobial activity (reviewed by Mookherjee and Hancock, 
2007). Some of these peptides are constitutively expressed, while others 
are inducible by pathogens, inflammation, or tissue injury. Taking into 
account that, in this current study, only cows without signs of mastitis 
were used, it is more likely that Se-dependence might be constitutively 
produced peptides, which are responsible for the effect.

Unfortunately, this was a preliminary study where the Se level of cows, 
when initiating Se-supplementation experiment, was too low. After eight 
weeks of supplementation with Se-yeast, only a few cows reached a level of 
blood GSH-Px activity exceeding 4 µkat/g Hb. Therefore, additional studies 
are needed to identify and characterize the Se-induced antibacterial activity 
in whey. Isolation of the Se-dependent antimicrobial component(s) from 
milk could be an important step towards understanding the mechanisms 
by which Se affects synthesis of antimicrobial components, and may further 
open up possibilities for the development of new antibacterial, antifungal 
or antiviral products. Such new products may offer alternative methods 
for the treatment of inflammation and infections, which in turn could 
reduce mastitis, or reduce the resistance of microbes, through reduced 
use of common antibacterial drugs. 
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7. CONCLUSIONS

Based on findings of this work it is possible to conclude that:
-	 Organic Se in the form of Se-yeast and inorganic Se (selenite) 

are both effective in increasing cows’ Se status.
-	 Organic Se is more effective than inorganic Se in increasing 

Se content in blood and milk, and GSH-Px activity in cows’ 
blood.

-	 Se supplementation has a positive effect on the udder health 
of dairy cows since it reduces the prevalence of mastitis 
pathogens.

-	 The udder is more prone to be infected with mastitis pathogens 
if GSH-Px activity in cow blood is below 3 µkat/g Hb.

-	 Se supplementation of Se-deficient cows induces changes in 
milk composition which inhibit the growth of S. aureus. The 
inhibitory effect is more profound in cows whose blood GSH-
Px activity exceeds 4 µkat/g Hb.
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SUMMARY IN ESTONIAN

Sissejuhatus

Eesti nagu ka paljud teised Balti mere äärsed riigid kuulub piirkonda, 
kus seleeni (Se) sisaldus muldades on madal (Oldfield, 2002). Muldade 
madal Se sisaldus põhjustab omakorda madalat Se taset taimedes ja 
loomade organismis (Suoranta jt., 1993; Kevvai, 1994; Pehrson jt., 
1997; Malbe jt., 2005). Kuna Se osaleb paljudes elutegevusprotsessides, 
põhjustab optimaalsest madalam Se tase organismis mitmete füsioloogiliste 
funktsioonide häirumise. Tõsise Se puuduse korral organismis avalduvad 
iseloomulike kliiniliste tunnustega haigused. Se mõjutab organismi 
talitlust peamiselt spetsiifiliste selenotsüsteiini sisaldavate selenoproteiinide 
vahendusel (Holben ja Smith, 1999), milledest kõige kauem tuntakse 
ensüüm glutatioon peroksüdaasi (GSH-Px). GSH-Px-i teatakse peamiselt 
kui ensüümi, mis toimib antioksüdandina ja kaitseb seeläbi organismi 
oksüdatiivse stressi vastu (Tapiero jt., 2003). 

Vältimaks Se puudusest tulenevaid terviseprobleeme loomadel kasutatakse 
orgaanilist või anorgaanilist Se sisaldavaid söödalisandeid. Söötades 
olev Se jõuab veise organismi peamiselt selenaadi ja seleniidi kujul 
anorgaanilistest söödalisanditest või selenometioniini ja selenotsüsteiini 
vormis orgaanilistest söödalisanditest ning põhisöötadest. Anorgaaniline 
ja orgaaniline Se imenduvad seedetraktist, metaboliseeruvad organismis ja 
seonduvad proteiinidega erineval moel. Seetõttu saadakse anorgaanilist ja 
orgaanilist Se sisaldavate söödalisandite kasutamisel kudedes ja organites 
erinev Se kontsentratsioon ning tõenäoliselt ka erinev toime organismi 
funktsioonidesse. 

Se teatakse osalevat organismi immuunkaitses (ülevaateartiklid Lykkesfeldt 
ja Svendsen, 2007; Hoffmann ja Berry, 2008; Duntas, 2009). Arvukad 
lehmadel läbiviidud teadusuuringud kinnitavad Se seost udara tervisega. 
Näiteks on kindlaks tehtud Se udarainfektsioonide esinemist ja kestust 
vähendav toime (ülevaateartiklid Hemingway, 1999; Salman jt., 2009). 
Samas on aga Se spetsiifiline molekulaarne toimemehhanism udaras endiselt 
ebaselge. Enamikes uuringutes seostatakse Se immunomodulatoorset 
toimet sellega, et see mõjutab leukotsüütide migratsiooni ja funktsioone, 
eikosanoidide aktiivsust ja lümfotsüütide funktsioone (Boyne ja Arthur, 
1979; Combs ja Combs, 1986; Erskine jt., 1989; Hogan jt., 1993; Smith jt., 
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1997; Arthur jt., 2003). Lisaks eelpoolnimetatud Se toimemehhanismidele 
on viiteid ka võimalikele teistele mehhanismidele. Nii näiteks viitavad 
meie uurimisrühmas läbiviidud varasemad tööd Se lisasöötmise tagajärjel 
avalduvale piimaseerumi antimikroobsele aktiivsusele (Ali-Vehmas 
jt., 1997). Samuti ei ole piisavalt võrdlevaid uuringuid orgaanilist 
ja anorgaanilist Se sisaldavate söödalisandite toimest lehma udara 
immuunkaitsele; olemasolevad ülevaated antud valdkonnast põhinevad 
pigem oletustel ja on seega puudulikud. Detailsem teadusuuringutel 
põhinev informatsioon, mis selgitaks seoseid Se lisasöötmise ja mastiidi 
patofüsioloogia vahel looks aluse Se efektiivsemaks kasutamiseks mastiidi 
profülaktikas ja ravimeetodite täiustamisel.

Töö eesmärgid

1. Võrrelda orgaanilist ja anorgaanilist Se sisaldava söödalisandi 
efektiivsust Se taseme tõstmisele lüpsilehmade veres ja piimas 
(artikkel I).

2. Uurida orgaanilist ja anorgaanilist Se sisaldava söödalisandi 
toimet udara kaitsemehhanismidele (artikkel I, II), pöörates 
peamist tähelepanu:

a. Se toimele mastiidi markerite - somaatiliste rakkude 
arvule (SCC), N-atsetüül-β-D-glükoosaminidaasi 
(NAGase) aktiivsusele ning veise seerumi albumiini 
(BSA) esinemisele piimas;

b. Se kontsentratsiooni ja udara infektsioonide vahelisele 
seosele.

3. Selgitada lehma udara Se-st sõltuvaid antimikroobseid 
kaitsemehhanisme (artikkel III).

Materjal ja metoodika

Väitekiri koosneb kolmest osast (artikkel I, II, III), põhinedes kahel Eesti 
lüpsilehmadel läbiviidud Se söötmiskatsel ja laboruuringutel.

Artiklis I organiseeriti Se lisasöötmise katse 100 Eesti lüpsilehmal. 
Katseloomi söödeti orgaanilist või anorgaanilist Se sisaldava söödalisandiga 
8 nädala jooksul. Lehmad jaotati orgaanilise Se (25 lehma), anorgaanilise 
Se (25 lehma) ja kaheks võrdlusrühmaks (25 lehma kummaski rühmas). 
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Töös võrreldi Se omastamist ja toimet udara tervisele orgaanilise ja 
anorgaanilise Se lisandi kasutamisel. Udara tervise hindamise aluseks 
oli mastiidi patogeenide esinemine, SCC ja NAGase-i aktiivsus piimas.

Artikkel II põhines söötmiskatsel orgaanilist Se sisaldava söödalisandiga 
55 lüpsilehmal 8 nädala jooksul. Lehmad jaotati 39 lehmast koosnevasse 
Se rühma ja 16 lehmast koosnevasse võrdlusrühma. Töös selgitati Se 
lisasöötmise ja mastiidi markerite (mikrobioloogiline leid, SSC, BSA 
sisaldus ja NAGase-i aktiivsus) vahelisi seoseid.

Artiklis III analüüsiti 12 lehma (6 lehma proovid Se rühmast ja 6 lehma 
proovid võrdlusrühmast) vere- ja piimaproove. Proovid pärinesid tööst 
II. Töös selgitati lehma Se taseme mõju Stapylococcus aureus-e (S. aureus) 
kasvu pidurdumisele piimaseerumis.

Tulemused

Artiklis I suurenes Se kontsentratsioon lehmade veres 8 nädalase 
söötmiskatse jooksul nii orgaanilise kui anorgaanilise Se rühma kuulunud 
loomadel. Vere keskmine Se sisaldus suurenes 5.1 µg/l kuni 167.3 µg/l 
orgaanilise Se rühma lehmadel ja 6.6 µg/l kuni 90.7 µg/l anorgaanilise Se 
rühma kuulunud loomadel. Vere GSH-Px aktiivsus suurenes 0.223 µkat/g 
Hb-lt kuni 3.014 µkat/g Hb-ni orgaanilise Se rühmas ja 0.220 µkat/g Hb 
kuni 2.347 µkat/g Hb anorgaanilise Se rühmas. Piima Se sisaldus tõusis 
esialgselt 3.2 µg/l pärast 8 nädalast Se söötmiskatset 63.6 µg/l orgaanilise 
Se rühmas ja 23.7 µg/l anorgaanilise Se rühmas. Se omastamise seisukohast 
oli orgaaniline Se 1.4 korda efektiivsem kui anorgaaniline. Söötmiskatse 
jooksul vähenes mastiidipatogeenidega infitseeritud udaraveerandite arv 
esialgselt 22.9%-lt 13.0%-le orgaanilise Se ja 18.4%-lt 7.4%-le anorgaanilise 
Se rühmas. Katseperioodi jooksul vähenes ka piima SCC ja NAGase-i 
aktiivsus mõlemas Se rühmas.

Artiklis II täheldati seost lehmade vere GSH-Px aktiivsuse ja 
mastiidipatogeenide esinemise vahel. Uuringud näitasid, et udaraveerandid 
on vastuvõtlikumad infektsioonidele kui vere GSH-Px aktiivsus lehmadel 
on alla 3.3 µkat/g Hb. Kui udaraveerandeid, mis olid mastiidipatogeenide 
vabad enne lisasöötmise alustamist, uuriti uuesti pärast 8 nädalast Se 
söötmiskatset, oli endiselt mastiidipatogeenide vabade udaraveerandite 
arv Se söötmisrühmas oluliselt suurem võrreldes võrdlusrühmaga 
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(p<0.01, šansside suhe OR=9.7). Uurides aga enne Se söötmise alustamist 
infitseeritud udaraveerandeid uuesti pärast 8 nädalast Se lisasöötmise 
perioodi, siis patogeenivabade udaraveerandite hulk Se rühma lehmadel 
ei olnud oluliselt suurem võrreldes võrdlusrühmaga (p=0.14, OR=3.6). 

Artikkel III tõi välja seose lehmade vere GSH-Px aktiivsuse ja S. aureuse 
kasvu pidurdumise vahel piimaseerumis. S. aureuse kasv piimaseerumis 
pidurdus lehmadel, kelle GSH-Px aktiivsus veres ületas 4 µkat/g Hb 8 
nädalase Se söötmisperioodi lõpuks. Kasvu pidurdumine oli täheldatav 
kahes spetsiifilises piimaseerumi fraktsioonis. Võrdlusrühma lehmadel S. 
aureuse kasvu pidurdumist ei täheldatud.

Kokkuvõte ja järeldused

Se toimet lehmade udara tervisele on viimased 20 aastat intensiivselt 
uuritud ning tulemused kinnitavad, et Se vähendab mastiitide esinemist 
(ülevaateartiklid Hemingway 1999; Salman jt., 2009). Kahjuks on aga Se 
molekulaarse toimemehhanismi osas paljud aspektid siiani selgitamata. 
Selleks et Se efektiivselt kasutada udara tervise parandamisel, oleks vaja 
täiendavat infot järgmistes valdkondades:

- täpsemad biomarkerid, mis adekvaatselt kajastaks Se taset 
organismis;

- võrdlus orgaanilise ja anorgaanilise Se toimest udara 
kaitsevõimele;

- Se toimemehhanismide selgitamine piimanäärmes.

Väitekirja raames teostatud uurimistöö püüab tuua täiendavat teavet 
kõikidesse nimetatud valdkondadesse, selgitades olemasolevate Se markerite 
kasutusvõimalusi, orgaanilise ja anorgaanilise Se toimet udara tervisele 
ning tuues esile Se-st sõltuvate antimikroobsete tegurite olemasolu 
piimaseerumis. Lisaks eelnevale valgustab uurimistöö ka Eesti lehmade 
Se tase.

Teostatud uurimistöö loob aluse järgmisteks järeldusteks:
-	 Nii orgaanilist kui anorgaanilist Se sisaldavad söödalisandid 

võimaldavad tõsta Se taset lehmade organismis;
-	 Orgaaniline Se on anorgaanilisest Se-st efektiivsem vere 

ja piima Se taseme tõstmisel ning vere GSH-Px aktiivsuse 
suurendamisel;
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-	 Se lisasöötmisel on kasulik toime udara tervisele, see vähendab 
mastiidipatogeenide esinemist;

-	 Lehmad vere GSH-Px sisaldusega alla 3 µkat/g Hb on 
vastuvõtlikumad udarainfektsioonidele;

-	 Seleenidefitsiitsetele lehmadele Se lisasöötmine kutsub esile 
piima koostise muutusi, mille tulemusel S. aureuse kasv 
pidurdub. Inhibeeriv toime avaldub lehmadel, kelle GSH-Px 
aktiivsus veres ületab 4 µkat/g Hb.
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Introduction

Selenium is an essential trace element and a key

component of several enzymes involved in antioxid-

ant defence (GPx, thioredoxin reductase) and meta-

bolism (iodothyronine deiodinases) (Holben and

Smith, 1999; Kohrl et al., 2000). Despite the many

potential health benefits of selenium, the means by

which this element promotes better health are only

just beginning to be elucidated. There are approxi-

mately 20 known selenium-containing proteins in

mammals, and it would seem very likely that several

of these are mediators of health benefits of dietary

selenium. As a constituent of selenoproteins, selen-

ium is needed for the proper functioning of immune

mechanisms (Ndiweni and Finch, 1995). Selenium

supplementation may contribute to various diseases

and may also alleviate other pathological conditions

including oxidative stress and inflammation.

In animals selenium is incorporated into proteins

as selenocysteine, where selenium replaces the sul-

phur normally found in cysteine (Stadtman, 1996).

This enhances the redox properties of this amino

acid. GPx is a selenium-containing tetrameric

enzyme that reduces hydrogen peroxide (H2O2), lip-

operoxides and organic hydroperoxides using gluta-

thione as a hydrogen donor thus preventing damage

to cellular membranes (Lockitch, 1989).

Studies in dairy cows have shown that selenium

deficiency is associated with nutritional muscular
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Summary

Previous investigations have shown that selenium supplementation

inhibits growth of mastitis pathogens in cow’s milk. The present study

was performed to clarify the role of selenium in defence mechanisms of

mammary gland. We have examined the effects of selenium supplemen-

tation on Staphylococcus aureus growth inhibiting activity in whey. Six

selenium-supplemented and six non-supplemented Estonian dairy cows

were used for this study. Selenium-supplemented cows received 4 mg

organic selenium in the form of selenium yeast in their daily diet for

8-week period. Cows from non-supplemented group received the same

amount of yeast free of selenium in their diet. All cows had initially low

blood glutathione peroxidase (GPx) activity (£1.02 lkat/g Hb). During

the 8-week experiment these cows had low somatic cell count

(<300 000 cells/ml) and negative bacteriological findings in their quarter

milk samples. Bacterial growth inhibitory activity in specific whey frac-

tions was clearly evident in 3 out of 6 cows supplemented with sele-

nium. The inhibitory effect was more profound if the cow’s blood GPx

activity exceeded 4 lkat/g Hb, whereas in non-supplemented cows the

inhibition of S. aureus growth was not observed. This study confirms the

presence of selenium-dependent antibacterial activity in cow’s milk.
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the 8-week experiment these cows had low somatic cell count

(<300 000 cells/ml) and negative bacteriological findings in their quarter

milk samples. Bacterial growth inhibitory activity in specific whey frac-

tions was clearly evident in 3 out of 6 cows supplemented with sele-

nium. The inhibitory effect was more profound if the cow’s blood GPx

activity exceeded 4 lkat/g Hb, whereas in non-supplemented cows the
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dystrophy, cystic ovaries, retained placental mem-

branes, metritis and infertility (Jukola et al., 1996;

Hemingway, 2003). Other studies have shown evi-

dence that selenium deficiency is associated with

increased prevalence to intramammary infections

(Smith et al., 1984, 1997; Atroshi et al., 1987, 1989;

Erskine et al., 1989, 1990; Malbe et al., 1995; Ryan,

1995).

We have focused in this study on selenium-

dependent growth suppression in whey against the

mastitis pathogen S. aureus. In our earlier study we

have shown that daily supplementation of 4 mg

organic selenium plays an important role in main-

taining quarter milk samples pathogen-free (Malbe

et al., 2003). We also found that selenium supple-

mentation induced a change in whey which inhib-

ited or restricted the growth of mastitis pathogens

(Ali-Vehmas et al., 1997). Therefore, we hypothesize

that there is a selenium-dependent antibacterial

component in whey which inhibits growth of

S. aureus.

Materials and Methods

Animals and selenium supplementation

Six selenium-supplemented and six non-supplemen-

ted cows were selected from a larger selenium-sup-

plementation experiment (Malbe et al., 2003) for

this study. All selected cows had initially low GPx

activity (£1.02 lkat/g Hb) in their blood. This study

focused on healthy cows without signs of mastitis.

Thus the 12 cows chosen had negative bacteriologi-

cal findings and low somatic cell count

(<300 000 cells/ml) in their quarter milk samples

during the 8-week experiment. The cows were fol-

lowed during the 8-week experiment.

Selenium-supplementation study was carried out

during indoor season from October to April on Esto-

nian black and white dairy cows (with Holstein-Frie-

sian pedigree), weighing 650–700 kg. The animals’

diet consisted of locally grown hay, grass silage, bar-

ley, potatoes, straw known in low selenium content

and a selenium-free mineral supplement. Selenium

supplemented cows received 4 mg organic selenium

in their daily diet in the form of selenium yeast

(Alkosel�; Alko Ltd, Biotechnology, Rajamäki, Fin-

land) for 8 weeks, whereas the non-supplemented

cows received the same amount of yeast free of

selenium (A/S Rigas Raugs, Riga, Latvia). Eighty-five

percent of the selenium yeast was in the form of

selenomethionine incorporated into a Saccharomyces

cerevisiae protein. Selenium yeast was mixed with

barley, known for its selenium content, in 1:25 ratio

and 200 g of the mixture was placed in individual

plastic bags. Each animal received individually the

contents of one bag a day.

Milk and blood samples

Pre-milking quarter milk samples as well as blood

samples were obtained from all cows assigned to the

study. Quarter milk samples for bacteriological

examination were collected aseptically into sterile

polypropylene tubes. The teats were thoroughly

cleaned with 70% ethanol, which was allowed to

dry before drawing the milk sample. The first few

streams of milk were discarded before collecting the

milk samples. Milk samples for analysis of somatic

cell count were cooled immediately and delivered to

the laboratory within few hours. Separate milk sam-

ples collected for the analysis of antibacterial activity

were kept frozen at )20 �C until used for analysis.

Blood samples from the same animals were collected

into tubes containing K2-EDTA as anticoagulant and

stored at )20 �C for analysis of GPx activity.

Glutathione peroxidase activity

Blood samples were analysed for GPx activity

according to the method described by Günzler et al.

(1974). GPx activity was analysed by the coupled

glutathione peroxidase–glutathione reductase method

using reduced glutathione (GSH) and tertiary butyl

hydroperoxide as substrate for the first enzyme and

NADPH as the substrate for the second enzyme to

regenerate GSH from GSSG. NADPH consumption

was monitored at 340 nm.

Milk bacteriology and somatic cell count

Bacteriological examination was carried out using

the method recommended by International Dairy

Federation (Honkanen-Buzalski and Seuna, 1995).

Somatic cell count was estimated using the Fosso-

matic Automatic Cell Counter (Foss Electric, Hill-

erod, Denmark).

Antimicrobial activity in whey

Preparation of whey

Milk samples were thawed and fat was removed by

centrifugation (1000 g, 10 min), the resulting fat-

free milk was then centrifuged at high-speed

(32 600 g, 60 min, 4 �C) and supernatant collected

as whey for further purification. Whey samples were

then filtered through UltrafreeR -MC 30 000 NMWL

S. aureus growth inhibition in whey is selenium-dependent M. Malbe, M. Attila and F. Atroshi
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filters (Millipore Corporation, Bedford, MA, USA) for

removing whey proteins with molecular mass over

30 000 kDa, like serum albumin, IgG, IgA, IgM, lac-

toperoxidase and lactoferrin (Pedersen et al., 2003).

Ultrafiltrate was used for high-performance liquid

chromatography (HPLC) analysis.

Chromatographic analysis of whey samples

The ultrafiltrated whey samples were fractionated

using HPLC. The Waters HPLC system with the

anion exchange column Protein-PakTM Q 8 HR

(Waters Corp., Milford, MA, USA) was used. The

mobile phase contained 50 mm Tris-HCl (Sigma,

Chemical Company, St Louis, MO, USA) buffer pH

7.0 as eluent A and 50 mm Tris-HCl buffer pH 7.0

with 1 m NaCl as eluent B. Injection volume of

100 ll was used for all samples using a Waters 717

plus Autosampler. The column was eluted with elu-

ent A with increasing linear gradient for eluent B

(from 0% to 40% in 20 min) at flow rate at 0.2 ml/

min. After that the gradient returned to 100% of

eluent A using linear gradient in 30 min at flow rate

0.2 ml/min. One minute fractions (40–47) were col-

lected for the assay of antibacterial activity.

The antimicrobial activity

Staphylococcus aureus (isolated from milk) was used as

a test bacterium for analysis of antibacterial activity

of whey fractions according to the method previ-

ously described by Ali-Vehmas et al. (1997). Briefly,

bacteria were stored at )70 �C in iso-sensitest broth

(ISB; Oxoid Ltd, Basingstoke, Hampshire, UK) con-

taining 50% glycerol as cryoprotectant. Thawed bac-

terial suspension was streaked on blood-esculin agar

and allowed to grow 20 h at 37 �C. Individual colon-
ies were picked up with a loop and inoculated into a

medium mixture containing one-third volume of

heat-treated and filter-sterilized whey and two-third

volume of ISB and the bacteria were allowed to

grow 20 h at 37 �C. Bacteria were concentrated by

centrifugation (2000 g, 10 min) and the pellets were

resuspended in saline (0.9% NaCl). The suspension

was then diluted to 108 colony forming units per ml

equivalent to optical density of 0.05 using the mic-

rotitration tray reading photometer (Multiskan MCC,

Labsystems, Helsinki, Finland; wavelength 620 nm

and light path 0.5 cm).

Antimicrobial activity of whey fractions were stud-

ied using turbidimetric method as described earlier

(Ali-Vehmas et al., 1997). The Bioscreen C turbidi-

meter (Labsystems, Helsinki, Finland) was used. The

analyzer includes an incubator for two 100-well

Honeycomb microtitration trays and a reading sys-

tem utilizing vertical light path optics. Growth envi-

ronment in each well included 60 ll of whey

fraction, 30 ll of bacterial suspension and 190 ll of
heat-treated and filter-sterilized whey (diluted 1:4

with saline). The plates were pre-incubated at 37 �C
for 10 min. Turbidity of the wells was recorded

every 15 min for 20 h and growth curves generated.

Inhibitory activity on S. aureus growth was defined

as lower turbidity when compared with simulta-

neously assayed reference sample, which was pre-

pared from pooled milk samples. Positive difference

in turbidity reading indicates slower onset of growth

leading to a right-shift of the growth curve (Fig. 1).

Statistical analyses

For statistical analysis data were divided into two

groups with low (<3.3 lkat/g Hb) or high

(>3.3 lkat/g Hb) GPx activity at the end of 8-week

Fig. 1 The effect of whey fractions 42 and 43 on growth curves of

Staphylococcus aureus. The results from 5 to 18 h are shown for two

cows whose milk was sampled before (0-w) and after (8-w) the 8-week

selenium supplementation. Upper panel: non-supplemented (Ctrl) cow,

lower panel: selenium-supplemented (Se) cow. Reference whey (Ref)

was prepared from pooled milk samples from non-supplemented

cows.

M. Malbe, M. Attila and F. Atroshi S. aureus growth inhibition in whey is selenium-dependent
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dystrophy, cystic ovaries, retained placental mem-

branes, metritis and infertility (Jukola et al., 1996;

Hemingway, 2003). Other studies have shown evi-

dence that selenium deficiency is associated with

increased prevalence to intramammary infections

(Smith et al., 1984, 1997; Atroshi et al., 1987, 1989;

Erskine et al., 1989, 1990; Malbe et al., 1995; Ryan,

1995).

We have focused in this study on selenium-

dependent growth suppression in whey against the

mastitis pathogen S. aureus. In our earlier study we

have shown that daily supplementation of 4 mg

organic selenium plays an important role in main-

taining quarter milk samples pathogen-free (Malbe

et al., 2003). We also found that selenium supple-

mentation induced a change in whey which inhib-

ited or restricted the growth of mastitis pathogens

(Ali-Vehmas et al., 1997). Therefore, we hypothesize

that there is a selenium-dependent antibacterial

component in whey which inhibits growth of

S. aureus.

Materials and Methods

Animals and selenium supplementation

Six selenium-supplemented and six non-supplemen-

ted cows were selected from a larger selenium-sup-

plementation experiment (Malbe et al., 2003) for

this study. All selected cows had initially low GPx

activity (£1.02 lkat/g Hb) in their blood. This study

focused on healthy cows without signs of mastitis.

Thus the 12 cows chosen had negative bacteriologi-

cal findings and low somatic cell count

(<300 000 cells/ml) in their quarter milk samples

during the 8-week experiment. The cows were fol-

lowed during the 8-week experiment.

Selenium-supplementation study was carried out

during indoor season from October to April on Esto-

nian black and white dairy cows (with Holstein-Frie-

sian pedigree), weighing 650–700 kg. The animals’

diet consisted of locally grown hay, grass silage, bar-

ley, potatoes, straw known in low selenium content

and a selenium-free mineral supplement. Selenium

supplemented cows received 4 mg organic selenium

in their daily diet in the form of selenium yeast

(Alkosel�; Alko Ltd, Biotechnology, Rajamäki, Fin-

land) for 8 weeks, whereas the non-supplemented

cows received the same amount of yeast free of

selenium (A/S Rigas Raugs, Riga, Latvia). Eighty-five

percent of the selenium yeast was in the form of

selenomethionine incorporated into a Saccharomyces

cerevisiae protein. Selenium yeast was mixed with

barley, known for its selenium content, in 1:25 ratio

and 200 g of the mixture was placed in individual

plastic bags. Each animal received individually the

contents of one bag a day.

Milk and blood samples

Pre-milking quarter milk samples as well as blood

samples were obtained from all cows assigned to the

study. Quarter milk samples for bacteriological

examination were collected aseptically into sterile

polypropylene tubes. The teats were thoroughly

cleaned with 70% ethanol, which was allowed to

dry before drawing the milk sample. The first few

streams of milk were discarded before collecting the

milk samples. Milk samples for analysis of somatic

cell count were cooled immediately and delivered to

the laboratory within few hours. Separate milk sam-

ples collected for the analysis of antibacterial activity

were kept frozen at )20 �C until used for analysis.

Blood samples from the same animals were collected

into tubes containing K2-EDTA as anticoagulant and

stored at )20 �C for analysis of GPx activity.

Glutathione peroxidase activity

Blood samples were analysed for GPx activity

according to the method described by Günzler et al.

(1974). GPx activity was analysed by the coupled

glutathione peroxidase–glutathione reductase method

using reduced glutathione (GSH) and tertiary butyl

hydroperoxide as substrate for the first enzyme and

NADPH as the substrate for the second enzyme to

regenerate GSH from GSSG. NADPH consumption

was monitored at 340 nm.

Milk bacteriology and somatic cell count

Bacteriological examination was carried out using

the method recommended by International Dairy

Federation (Honkanen-Buzalski and Seuna, 1995).

Somatic cell count was estimated using the Fosso-

matic Automatic Cell Counter (Foss Electric, Hill-

erod, Denmark).

Antimicrobial activity in whey

Preparation of whey

Milk samples were thawed and fat was removed by

centrifugation (1000 g, 10 min), the resulting fat-

free milk was then centrifuged at high-speed

(32 600 g, 60 min, 4 �C) and supernatant collected

as whey for further purification. Whey samples were

then filtered through UltrafreeR -MC 30 000 NMWL
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filters (Millipore Corporation, Bedford, MA, USA) for

removing whey proteins with molecular mass over

30 000 kDa, like serum albumin, IgG, IgA, IgM, lac-

toperoxidase and lactoferrin (Pedersen et al., 2003).

Ultrafiltrate was used for high-performance liquid

chromatography (HPLC) analysis.

Chromatographic analysis of whey samples

The ultrafiltrated whey samples were fractionated

using HPLC. The Waters HPLC system with the

anion exchange column Protein-PakTM Q 8 HR

(Waters Corp., Milford, MA, USA) was used. The

mobile phase contained 50 mm Tris-HCl (Sigma,

Chemical Company, St Louis, MO, USA) buffer pH

7.0 as eluent A and 50 mm Tris-HCl buffer pH 7.0

with 1 m NaCl as eluent B. Injection volume of

100 ll was used for all samples using a Waters 717

plus Autosampler. The column was eluted with elu-

ent A with increasing linear gradient for eluent B

(from 0% to 40% in 20 min) at flow rate at 0.2 ml/

min. After that the gradient returned to 100% of

eluent A using linear gradient in 30 min at flow rate

0.2 ml/min. One minute fractions (40–47) were col-

lected for the assay of antibacterial activity.

The antimicrobial activity

Staphylococcus aureus (isolated from milk) was used as

a test bacterium for analysis of antibacterial activity

of whey fractions according to the method previ-

ously described by Ali-Vehmas et al. (1997). Briefly,

bacteria were stored at )70 �C in iso-sensitest broth

(ISB; Oxoid Ltd, Basingstoke, Hampshire, UK) con-

taining 50% glycerol as cryoprotectant. Thawed bac-

terial suspension was streaked on blood-esculin agar

and allowed to grow 20 h at 37 �C. Individual colon-
ies were picked up with a loop and inoculated into a

medium mixture containing one-third volume of

heat-treated and filter-sterilized whey and two-third

volume of ISB and the bacteria were allowed to

grow 20 h at 37 �C. Bacteria were concentrated by

centrifugation (2000 g, 10 min) and the pellets were

resuspended in saline (0.9% NaCl). The suspension

was then diluted to 108 colony forming units per ml

equivalent to optical density of 0.05 using the mic-

rotitration tray reading photometer (Multiskan MCC,

Labsystems, Helsinki, Finland; wavelength 620 nm

and light path 0.5 cm).

Antimicrobial activity of whey fractions were stud-

ied using turbidimetric method as described earlier

(Ali-Vehmas et al., 1997). The Bioscreen C turbidi-

meter (Labsystems, Helsinki, Finland) was used. The

analyzer includes an incubator for two 100-well

Honeycomb microtitration trays and a reading sys-

tem utilizing vertical light path optics. Growth envi-

ronment in each well included 60 ll of whey

fraction, 30 ll of bacterial suspension and 190 ll of
heat-treated and filter-sterilized whey (diluted 1:4

with saline). The plates were pre-incubated at 37 �C
for 10 min. Turbidity of the wells was recorded

every 15 min for 20 h and growth curves generated.

Inhibitory activity on S. aureus growth was defined

as lower turbidity when compared with simulta-

neously assayed reference sample, which was pre-

pared from pooled milk samples. Positive difference

in turbidity reading indicates slower onset of growth

leading to a right-shift of the growth curve (Fig. 1).

Statistical analyses

For statistical analysis data were divided into two

groups with low (<3.3 lkat/g Hb) or high

(>3.3 lkat/g Hb) GPx activity at the end of 8-week

Fig. 1 The effect of whey fractions 42 and 43 on growth curves of

Staphylococcus aureus. The results from 5 to 18 h are shown for two

cows whose milk was sampled before (0-w) and after (8-w) the 8-week

selenium supplementation. Upper panel: non-supplemented (Ctrl) cow,

lower panel: selenium-supplemented (Se) cow. Reference whey (Ref)

was prepared from pooled milk samples from non-supplemented

cows.

M. Malbe, M. Attila and F. Atroshi S. aureus growth inhibition in whey is selenium-dependent

Journal of Animal Physiology and Animal Nutrition 90 (2006) 159–164 ª 2005 Blackwell Publishing Ltd 161



98

feeding experiment based on the results of Malbe

et al. (2003). Comparison of whey antibacterial

activity on S. aureus growth inhibition between these

two groups was calculated with Mann–Whitney

U-test. Statistical calculations were made by SPSS

10.0 for Windows (SPSS, Chicago, IL, USA). Statis-

tical significance was defined as p £ 0.05.

Results

Blood glutathione peroxidase activity

The medians of blood GPx activities in selenium-sup-

plemented cows, 0.598 lkat/g Hb (0.402 and 0.680,

25th and 75th percentiles, respectively), and in the

non-supplemented cows 0.531 lkat/g Hb (0.411 and

0.825, 25th and 75th percentiles, respectively) did

not differ significantly at the start of the experiment

(data in Table 1). At 8 weeks the selenium supple-

mented cows had significantly higher blood GPx

activity (3.763, 3.050, 4,830 lkat/g Hb; median,

25th and 75th percentile, respectively) than the

non-supplemented cows (1.346, 0.869, 2.351 lkat/g
Hb, p ¼ 0.0022). After regrouping data into higher

and lower GPx activity the difference was still statis-

tically significant (p ¼ 0.009; Table 1).

Growth inhibition of Staphylococcus aureus

Inhibition of growth rate of S. aureus was observed

only in two fractions (42 and/or 43) of eight frac-

tions studied in detail. An association between high

GPx activity in the blood from cows supplemented

with selenium and growth inhibitory activity in

whey fractions was found. Significant (p < 0.05)

inhibitory effect on S. aureus growth was found in

these two fractions after the 8-week experimental

period in selenium-supplemented cows whose blood

GPx activity exceeded 4 lkat/g Hb (Table 1).

Discussion

This report represents the first evidence that selen-

ium supplementation in selenium-deficient cows

induces changes in milk composition which inhibit

or restrict growth of S. aureus. This significant inhib-

iting effect on bacterial growth suggests that there is

selenium-dependent antibacterial activity in whey.

We found that in the selenium-supplemented cows

the growth of S. aureus was inhibited by whey frac-

tions from animals whose GPx activity in blood

exceeded 4 lkat/g Hb. Most of the yeast selenium is

Table 1. Effect of selenium supplementation on inhibitory activity of whey fractions on Staphylococcus aureus growth

Cow ID Treatment

GPx activity* (lkat/g Hb) Inhibitory activity�

0-w 8-w Fraction 42 Fraction 43

0-w 8-w 0-w 8-w

Higher GPx 42 Se-suppl. 0.623 4.845 0.094 0.482 0.221 0.453

38 Se-suppl. 0.593 4.814 0.310 0.145 0.145 0.200

33 Se-suppl. 0.604 4.235 )0.042 0.102 )0.029 0.113

Median 0.604 4.814 0.094 0.482 0.145 0.200

Lower GPx 10 Se-suppl. 0.736 3.290 )0.087 )0.137 0.080 )0.116
13 Se-suppl. 0.366 3.156 )0.083 )0.042 )0.043 0.003

3 Se-suppl. 0.438 2.943 0.060 )0.105 )0.078 )0.132
53 Non-suppl. 1.016 2.544 )0.037 )0.281 )0.117 )0.237
47 Non-suppl. 0.432 2.157 0.142 0.144 )0.092 0.033

50 Non-suppl. 0.444 1.469 0.069 0.041 0.120 )0.013
5 Non-suppl. 0.618 1.222 0.106 0.007 )0.049 )0.152

17 Non-suppl. 0.637 1.004 )0.001 )0.098 0.073 0.089

16 Non-suppl. 0.390 0.734 0.064 )0.102 0.143 0.047

Median 0.444 2.157 0.060 )0.098 )0.043 )0.013
25th percentile 0.411 1.113 )0.060 )0.121 )0.085 )0.142
75th percentile 0.687 3.050 0.088 0.024 0.100 0.040

P-value� 0.727 0.009 0.482 0.018 0.100 0.009

*Results (lines) are arranged by declining blood GPx activity at 8 weeks. The inhibitory activity was evident clearly when GPx activity exceeded

4 lkat/g Hb. Therefore, data were regrouped for statistical analysis based on this cut point (‘higher GPx’ and ‘lower GPx’)

�Inhibitory activity was calculated by subtracting turbidity (absorbance readings) from the respective readings of reference sample at each time

point. Maximum differences (vertical distance of growth curves, cf. Fig. 1) are tabulated. Positive values represent slower onset of S. aureus

growth indicating inhibitory activity in the fraction studied

�Mann-Whitney U-test
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in form of selenomethionine. There are reports

about deposition of selenomethionine into tissue

pools before being converted into the precursor

available to GPx (Burk, 1986) and also incorporation

into skeletal muscle (Hambidge, 2003) which can be

one possible explanation to the delay of response to

the selenium feeding. The principal effect on S. aure-

us seemed to be a delay of the onset of growth, leav-

ing the growth rate largely unchanged in whey from

cows with higher GPx activity. This is in accordance

with our earlier report, that cow’s udder is more

prone to infection if GPx activity in their blood is

below 3.3 lkat/g Hb (Malbe et al., 2003) and selen-

ium supplementation had an inhibiting effect on

in vitro bacterial growth in whole whey of these

cows (Ali-Vehmas et al., 1997).

Generally, our study shows together with our ear-

lier reports (Ali-Vehmas et al., 1997; Malbe et al.,

2003) that selenium may contribute to the protec-

tion of mammary gland from invading bacteria. Free

radical generation and oxidative injury are thought

to be important mechanisms contributing to morbid-

ity, including mastitis (Atroshi et al., 1987, 1989,

2000). However, the mechanism by which the

release of O2 results in bactericidal effects is poorly

understood, but is generally held to be related to the

further generation of more reactive radical species,

such as OH•, singlet oxygen and hypochlorite or

hypothiocyanate (Del Maestro, 1980). Staphylococcus

aureus has been strongly implicated in ruminant

mastitis and constitutes a major challenge in dairy

production (Hogan et al., 1989; Tollersrud et al.,

2000). Activated oxygen products from phagocytes

seem to cooperate with the myeloperoxidase and

lactoperoxidase systems in milk. This results in

enhancement of the microbicidal processes (Reiter

and Oram, 1967).

Furthermore, our present study gives an insight to

the mechanism of selenium in udder defence. In this

preliminary study the selenium supplementation

period appeared to be too short, because only few

cows reached a level of blood GPx activity exceeding

4 lkat/g Hb. Therefore, further studies are needed to

identify and characterize this selenium-induced anti-

bacterial activity in whey. Further studies will poss-

ibly be able to clarify how bovine defence

mechanisms function in the udder to fight against

microbial infections.

Conclusion

In conclusion, we have shown that selenium sup-

plementation may be involved in protection of

cows udder against S. aureus infections. This pro-

tection appears to be related to the increased GPx

activities. Our finding is in accordance with other

epidemiological and experimental evidence indica-

ting that low selenium may predispose to infec-

tion.
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feeding experiment based on the results of Malbe

et al. (2003). Comparison of whey antibacterial

activity on S. aureus growth inhibition between these

two groups was calculated with Mann–Whitney

U-test. Statistical calculations were made by SPSS

10.0 for Windows (SPSS, Chicago, IL, USA). Statis-

tical significance was defined as p £ 0.05.

Results

Blood glutathione peroxidase activity

The medians of blood GPx activities in selenium-sup-

plemented cows, 0.598 lkat/g Hb (0.402 and 0.680,

25th and 75th percentiles, respectively), and in the

non-supplemented cows 0.531 lkat/g Hb (0.411 and

0.825, 25th and 75th percentiles, respectively) did

not differ significantly at the start of the experiment

(data in Table 1). At 8 weeks the selenium supple-

mented cows had significantly higher blood GPx

activity (3.763, 3.050, 4,830 lkat/g Hb; median,

25th and 75th percentile, respectively) than the

non-supplemented cows (1.346, 0.869, 2.351 lkat/g
Hb, p ¼ 0.0022). After regrouping data into higher

and lower GPx activity the difference was still statis-

tically significant (p ¼ 0.009; Table 1).

Growth inhibition of Staphylococcus aureus

Inhibition of growth rate of S. aureus was observed

only in two fractions (42 and/or 43) of eight frac-

tions studied in detail. An association between high

GPx activity in the blood from cows supplemented

with selenium and growth inhibitory activity in

whey fractions was found. Significant (p < 0.05)

inhibitory effect on S. aureus growth was found in

these two fractions after the 8-week experimental

period in selenium-supplemented cows whose blood

GPx activity exceeded 4 lkat/g Hb (Table 1).

Discussion

This report represents the first evidence that selen-

ium supplementation in selenium-deficient cows

induces changes in milk composition which inhibit

or restrict growth of S. aureus. This significant inhib-

iting effect on bacterial growth suggests that there is

selenium-dependent antibacterial activity in whey.

We found that in the selenium-supplemented cows

the growth of S. aureus was inhibited by whey frac-

tions from animals whose GPx activity in blood

exceeded 4 lkat/g Hb. Most of the yeast selenium is

Table 1. Effect of selenium supplementation on inhibitory activity of whey fractions on Staphylococcus aureus growth

Cow ID Treatment

GPx activity* (lkat/g Hb) Inhibitory activity�

0-w 8-w Fraction 42 Fraction 43

0-w 8-w 0-w 8-w

Higher GPx 42 Se-suppl. 0.623 4.845 0.094 0.482 0.221 0.453

38 Se-suppl. 0.593 4.814 0.310 0.145 0.145 0.200

33 Se-suppl. 0.604 4.235 )0.042 0.102 )0.029 0.113

Median 0.604 4.814 0.094 0.482 0.145 0.200

Lower GPx 10 Se-suppl. 0.736 3.290 )0.087 )0.137 0.080 )0.116
13 Se-suppl. 0.366 3.156 )0.083 )0.042 )0.043 0.003

3 Se-suppl. 0.438 2.943 0.060 )0.105 )0.078 )0.132
53 Non-suppl. 1.016 2.544 )0.037 )0.281 )0.117 )0.237
47 Non-suppl. 0.432 2.157 0.142 0.144 )0.092 0.033

50 Non-suppl. 0.444 1.469 0.069 0.041 0.120 )0.013
5 Non-suppl. 0.618 1.222 0.106 0.007 )0.049 )0.152

17 Non-suppl. 0.637 1.004 )0.001 )0.098 0.073 0.089

16 Non-suppl. 0.390 0.734 0.064 )0.102 0.143 0.047

Median 0.444 2.157 0.060 )0.098 )0.043 )0.013
25th percentile 0.411 1.113 )0.060 )0.121 )0.085 )0.142
75th percentile 0.687 3.050 0.088 0.024 0.100 0.040

P-value� 0.727 0.009 0.482 0.018 0.100 0.009

*Results (lines) are arranged by declining blood GPx activity at 8 weeks. The inhibitory activity was evident clearly when GPx activity exceeded

4 lkat/g Hb. Therefore, data were regrouped for statistical analysis based on this cut point (‘higher GPx’ and ‘lower GPx’)

�Inhibitory activity was calculated by subtracting turbidity (absorbance readings) from the respective readings of reference sample at each time

point. Maximum differences (vertical distance of growth curves, cf. Fig. 1) are tabulated. Positive values represent slower onset of S. aureus

growth indicating inhibitory activity in the fraction studied

�Mann-Whitney U-test
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in form of selenomethionine. There are reports

about deposition of selenomethionine into tissue

pools before being converted into the precursor

available to GPx (Burk, 1986) and also incorporation

into skeletal muscle (Hambidge, 2003) which can be

one possible explanation to the delay of response to

the selenium feeding. The principal effect on S. aure-

us seemed to be a delay of the onset of growth, leav-

ing the growth rate largely unchanged in whey from

cows with higher GPx activity. This is in accordance

with our earlier report, that cow’s udder is more

prone to infection if GPx activity in their blood is

below 3.3 lkat/g Hb (Malbe et al., 2003) and selen-

ium supplementation had an inhibiting effect on

in vitro bacterial growth in whole whey of these

cows (Ali-Vehmas et al., 1997).

Generally, our study shows together with our ear-

lier reports (Ali-Vehmas et al., 1997; Malbe et al.,

2003) that selenium may contribute to the protec-

tion of mammary gland from invading bacteria. Free

radical generation and oxidative injury are thought

to be important mechanisms contributing to morbid-

ity, including mastitis (Atroshi et al., 1987, 1989,

2000). However, the mechanism by which the

release of O2 results in bactericidal effects is poorly

understood, but is generally held to be related to the

further generation of more reactive radical species,

such as OH•, singlet oxygen and hypochlorite or

hypothiocyanate (Del Maestro, 1980). Staphylococcus

aureus has been strongly implicated in ruminant

mastitis and constitutes a major challenge in dairy

production (Hogan et al., 1989; Tollersrud et al.,

2000). Activated oxygen products from phagocytes

seem to cooperate with the myeloperoxidase and

lactoperoxidase systems in milk. This results in

enhancement of the microbicidal processes (Reiter

and Oram, 1967).

Furthermore, our present study gives an insight to

the mechanism of selenium in udder defence. In this

preliminary study the selenium supplementation

period appeared to be too short, because only few

cows reached a level of blood GPx activity exceeding

4 lkat/g Hb. Therefore, further studies are needed to

identify and characterize this selenium-induced anti-

bacterial activity in whey. Further studies will poss-

ibly be able to clarify how bovine defence

mechanisms function in the udder to fight against

microbial infections.

Conclusion

In conclusion, we have shown that selenium sup-

plementation may be involved in protection of

cows udder against S. aureus infections. This pro-

tection appears to be related to the increased GPx

activities. Our finding is in accordance with other

epidemiological and experimental evidence indica-

ting that low selenium may predispose to infec-

tion.
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