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ABSTRACT

The purpose of this research was to determine the influence of dietary Se on glutathione
peroxidase (GPx)-1 and 3 activities and relative liver GPx mRNA levels in growing Holstein bull
calves. Calves (n = 14) were started 28 d after birth on either a Se adequate (0.15 ppm Se) or
deficient (0.01 ppm Se) diet consisting of 3 growth phases and maintained on the diet until 180 d
of age. Blood samples were taken from each calf for determination of GPx-1 and GPx-3 activity.
Three calves were euthanized at d 21 of age for determination of baseline liver GPx-1 mRNA
level. Four calves from each treatment were euthanized at d 180 of age for determination of liver
GPx-1 relative mRNA level. Feed intake and average daily gain were not affected by Se level.
Mean liver Se concentration was higher (P < 0.05) for baseline calves and those fed the Se
adequate diet than for calves fed the Se-deficient diet, but there was no difference between
baseline calves and Se adequate calves with respect to liver Se concentration. The GPx-1 activity
was greater for Se adequate than Se-deficient calves (P < 0.01) but not until d 84 of age. The
GPx-3 activity was considerably more variable than that of GPx-1 with respect to the trend
observed for activity by day, and the GPx-3 activity of the Se-deficient group was only less than
that of the Se adequate group (P < 0.05) on d 180. N-fold differences were calculated for relative
GPx-1 mRNA levels between treatments. There was a 50% decrease in GPx-1 mRNA for Se-
deficient calves (P < 0.05) compared with the Se adequate calves. Regression analysis also was
performed to determine the relationship between the various response variables. There was only
a moderate relationship (r*= 0.58) between GPx-1 mRNA transcript levels and GPx-1 activity at
d 180, despite a correlation coefficient of 0.76. The relationship between GPx-1 mRNA
transcript level and GPx-3 activity at d 180 was much stronger (r* = 0.81), with a correlation

coefficient of 0.90, which was unexpected, as GPx-3 is generally considered a short-term

xi



indicator of Se status and therefore a much more variable response. Erythrocyte GPx-1 activity
was much more sensitive to Se in the diet and thus reflected the diet more closely than did GPx-
3. However, GPx-3 activity was more highly correlated to GPx-1 transcript levels. These
unexpected results suggest that another trial utilizing larger sample sizes and serial sampling of
liver tissue with the sampling of plasma and erythrocytes may provide a clearer picture of the
relationship between liver GPx-1 mRNA , tissue Se concentration, and GPx enzyme activities in

neonatal and growing Holstein calves.
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CHAPTER I
INTRODUCTION

Selenium (Se) status is an important indicator of oxidative status and therefore health and
disease susceptibility. According to Arthur et al. (2003), “Selenium is essential for the efficient
and effective operation of many aspects of the immune system in both animals and humans.”
There is increasing evidence concerning nutritional status and immune response in mammals.
Although numerous micronutrients, including Fe, Cu, Zn, and Se, have received considerable
attention within the last decade (Failla, 2003), it is research regarding Se and immunity that has
shown promise to impact health. One of the most surprising findings is that Se deficiency in
mice promotes viral mutation and the subsequent development of virulent strains, as
demonstrated by the infection of Se-deficient mice with a normally benign virus, Coxsackie virus
B3. When Se-deficient mice were infected with Coxsackie virus, there was a significant increase
in mortality, while Se-adequate infected mice showed little to no signs of disease, thus indicating
an increase in infectivity and virulence as a result of potential genomic mutation in the
previously avirulent virus when replicated within a Se-deficient host (Beck et al., 1994a; Beck et
al., 1994b; Beck et al., 1994c). The connection between Se status and viral mutagenesis
primarily involves oxidative stress (Beck and Levander, 2000) and the role of selenium as an
antioxidant is mediated through the Se-dependant glutathione peroxidases (GPx; EC 1.11.1.9)
(Rotruck et al., 1973). These are potent antioxidant enzymes responsible for catalysis of the
reaction in which reactive oxygen species (ROS) such as hydrogen peroxide are converted to
water (Flohe, 1973). Oxidative stress, which results from a build-up of ROS, has been found to
have a considerable effect on the evolution of viruses from avirulent strains to virulent strains in

Vivo, an effect that is thought to be due largely to genomic damage incurred by the virus as it is



exposed to a highly oxidative environment (Beck and Levander, 2000). In addition, Se
deficiency has been known to have other detrimental effects on the immune system and may also
encourage the development of many pro-inflammatory compounds responsible for the
predisposition to diseases such as heart disease and cancer (Arthur et al., 2003). Selenium
deficiency is also directly linked with the development of white muscle disease and general
unthriftiness in cattle and other livestock species (Jenkins and Hidiroglu, 1986).

The potential for Se deficiency to have far reaching negative effects is considerable. An
example of this capacity lies with the negative repercussions of oxidative stress in calves, a
potentially serious problem within the livestock industry. One of the greatest health impacts of
calves during weaning, shipping, and the subsequent feedlot adjustment period is Bovine
Respiratory Disease (BRD), a disease comprised of numerous viral, bacteriological, and
mycoplasmal components (Ellis, 2001). Bovine Respiratory Disease is the most common and
economically detrimental affliction to the beef cattle industry (Snowder et al., 2006) and the
disease complex accounts for the majority of feedlot mortality (Loneragan et al., 2001). We
hypothesize that selenium deficiency-induced oxidative stress may potentiate not only an
increase in the incidence of BRD in unhealthy animals, but also in animals that were previously
in good health. Vaccination at weaning with a modified live virus is the most common method
for preventing BRD (Snowder et al., 2006) but often little or no concern is given to the selenium
status or antioxidative status of these animals at the time of vaccination. Research has shown that
protective effects of live-attenuated vaccine often depend on a number of factors, including host
nutritional status (Broome et al., 2004), thus the efficacy of such administered vaccines may be
in question. Furthermore, in vivo studies involving mice (Nelson et al., 2001) have shown that

virus replicated in Se-deficient mice results in increased morbidity and mortality when then used



to infect healthy, Se-adequate mice. This has been hypothesized to have serious implications
when the co-mingling and transport of calves of unknown health and oxidative status is taken
into consideration.

Despite the mounting evidence linking Se deficiency to disease and disease susceptibility,
little research is available concerning the Glutathione Peroxidase activity-based categorization of
selenium status and deficiency in the postnatal and growing calf. Research has been conducted
concerning the effect of Se deficiency in young animals when exposed to agents such as Bovine
Rhinotracheitis Virus (Reffett et al., 1988) and Brucellosis vaccine in cattle (Nemec et al., 1990);
however, these studies did not attempt to categorize the extent to which these animals were made
selenium deficient. Furthermore, little information is available regarding the connection between
erythrocyte, plasma, and tissue GPx activity and liver GPx mRNA quantity in selenium deficient
versus selenium adequate calves.

The goal of this research is to provide GPx-based categorization of selenium deficiency
in postnatal calves to calves at approximately 180 days of age. The hope is that, by providing
guidelines for determining the extent of selenium deficiency based on common markers of
selenium status, future researchers may continue to further uncover the link between selenium

deficiency and disease.



CHAPTER I
LITERATURE REVIEW

Selenium in Mammals

Selenium is considered to be an essential mineral for humans and livestock (Schwarz and
Foltz, 1957), its role being primarily in the active site of a number of catalytic enzymes including
thioredoxin reductase and the Se-dependant family of glutathione peroxidases. In humans Se
deficiency is intimately connected to Keshan disease, which results in cardiomyopathy in
affected individuals. Before discovery of the connection of Se deficiency to the disease, Keshan
disease was endemic in regions of the People’s Republic of China known to be deficient in Se
(Gu, 1983; Yang et al., 1988). Selenium deficiency in domestic livestock is expressed primarily
as white muscle disease, a debilitating affliction resulting in degeneration and necrosis of both
skeletal and cardiac muscle that affects young animals (Underwood, 1981). The resulting lesions
occur primarily as a result of oxidative damage to muscle tissue incurred when GPx activity is
limited (Gerloff, 1992). In addition, affected animals may exhibit signs of general malaise such
as weight loss that may be accompanied by diarrhea (Underwood, 1981), anemia (Morris, et al.,
1984), and a decrease in calf weaning weights (Spears et al., 1986). Selenium also has been
reported to have implications on reproductive health, as there is considerable documentation
regarding the increase of retained placenta incidence in Se-deficient dairy cattle (Harrison and
Conrad, 1984; Harrison et al., 1984). Furthermore, abortions, early embryonic death, and
infertility are all reproductive complications that have been attributed to Se deficiency (Maas,
1983). Selenium also plays an integral role in the immune system and has been associated with
increased intracellular kill of S. aureus and E. coli by bovine neutrophils (Gyang et al., 1984;

Grasso et al., 1990). In cows supplemented with 0.3 ppm Se, intracellular kill of E. coli and S.



aureus was increased in neutrophils, compared with cows that were not supplemented with Se
(Hogan et al., 1990). Some studies have even suggested the involvement of Se in both murine
(Arthur et al., 2003) and ruminant antibody production and lymphocyte function (Larsen et al.,
1988; Reffett et al., 1988). The subclinical effects observed in ruminants involving lymphocyte
function and antibody production have been suggested to be mediated via the activity of GPx
and, according to Baboir (1984), polymorphonuclear leukocytes are highly sensitive to oxidative
damage, due primarily to their use of “oxidative bursts” in intracellular killing.

Selenium absorption occurs primarily in the duodenum with very little absorption by the
rumen or abomasum (Wright and Bell, 1966). From the duodenum, Se is carried in the blood to
the liver either via carrier proteins or in the free form, where it is then incorporated into
selenoproteins, the translation of which is determined genetically (Surai, 2006). While urinary
excretion is the primary mode of Se regulation in most non-ruminants, the primary site for
excretion of orally administered Se in the ruminant is via the feces. However, when Se is
administered either subcutaneously or intravenously, urinary excretion tends to increase versus
fecal excretion. In addition, it has been shown that lambs maintained on milk have higher urinary
excretion of orally administered Se before rumen development, but that fecal excretion increases
as rumen development progresses (Miller and Ramsey, 1988).

The Se requirement for beef cattle is 0.1 ppm, with a maximum tolerable intake of 2.00
ppm (NRC, 2001). Toxicity may occur when extremely high levels of Se are consumed or when
moderately high levels are consumed over an extended period of time. Acute Se toxicity
primarily occurs most often with the ingestion of plants that have a high affinity for and tend to
accumulate Se, but may occur when animals are over-supplemented with Se. When large

amounts of these seleniferous plants are consumed, acute toxicity symptoms are usually severe



and include a stifled gait, drooped ears, and lowered head. In addition, animals may exhibit high
body temperature, diarrhea, elevated but weak pulse, and labored respiration. If left untreated,
acute toxicity may lead to death (Miller and Ramsey, 1988). Chronic toxicity, or alkali disease,
can occur when livestock graze cereals, grasses, or hays containing 5 to 50 ppm Se for an
extended period of time. Symptoms generally consist of hair loss and sloughing of the hooves.
The condition is also characterized by anemia, reduced fertility, stiffness of the joints, and
painful hoof lesions (Miller and Ramsey, 1988). While Se toxicity is a concern, Se deficiency is
also an important consideration, as previously discussed. Morris et al. (1984), Hidiroglu et al.
(1985), and Spears et al. (1986) have reported either clinical or subclinical Se-deficiency in cattle
grazing forages containing 0.02 or 0.05 mg/kg Se, although there are reports of calves
consuming semi-purified diets containing only approximately 0.02 ppm selenium with no
observed clinical signs of deficiency (Reffett et al. 1988; Boyne and Arthur, 1981).
Determining Se Status

Since the discovery by Schwarz and Foltz (1957) that Se was an essential dietary trace
element, researchers have been looking for the most accurate and precise method of determining
Se status, both in humans and animals. Numerous methods of determining Se status are
commonly utilized by laboratories, including determination of serum or plasma Se, whole blood
Se, liver and other tissue Se, and erythrocyte and plasma glutathione peroxidase activity (Gerloff,
1992). However, it is these various approaches to assessing Se status that contribute to some
confusion in the scientific community concerning exactly what adequate Se status entails. In
addition, reports from various labs tend to deviate considerably (Ullrey, 1987), making the task
of comparing results between labs difficult. Furthermore, it is somewhat difficult to find research

correlating specific experimental results such as tissue, plasma, or whole blood Se concentration



to incidents of Se-deficiency induced diseases like white muscle disease (Gerloff, 1992). As a
result, most reports contain data from multiple indicators of Se status and there has been recent
focus on correlating such indicators to one another.

Se Concentration in Tissues

One of the most commonly considered assessments of Se status involves concentration of
the trace mineral in the body tissues. Tissue Se concentration can be expected to vary with the
amount and chemical form of Se in the diet, and in most cases rise with increased Se intake, but
not all tissues accrue Se equally (Ullrey, 1987). A study performed by Behne and Wolters (1983)
in which rats were fed a commercial diet containing 0.3 ppm Se reported that Se concentrations
in tissue, on a wet basis, ranked from highest concentration to lowest in the order of kidney,
liver, testes, adrenals, erythrocytes, spleen, pancreas, plasma, lungs, heart, thymus, skeletal
muscle, and brain. Studies in cattle of various ages have found that tissue Se concentration
declines in order of kidney to liver, heart, and skeletal muscle (Maag and Glen, 1967; Kincaid et
al., 1977; Ullrey et al., 1977; Ammerman et al., 1980). In the study reported by Behne and
Wolters (1983), Se concentrations in the liver, kidney, erythrocytes, and plasma of rats was 1.29,
1.45, 0.52, and 0.42 ppm Se, respectively (Table 2.1). Assessment of Se status has been
performed extensively in various species, including the rat, pig, sheep, chicken, and cow.
Whanger and Butler (1988) conducted a trial with male weanling Sprague-Dawley rats in which
they fed the rats increasing levels of Se supplemented to a basal diet containing 0.02 ppm. The
diets were formulated to contain 0.2, 1.0, 2.0, or 4.0 ppm Se. The researchers found that the rats
consuming the basal diet had whole blood, liver, and kidney Se concentrations of 0.03 = 0.01,
0.02 + 0.00, and 0.22 + 0.08 png Se/g tissue (wet weight), respectively. Rats consuming diets

supplemented with 0.2 ppm Se as sodium selenite had whole blood, liver, and kidney Se



concentrations of 0.50 £ 0.06, 0.72 £ 0.05, and 1.07 £ 0.06 pg Se/g (wet weight), respectively.
Rats consuming diets supplemented with 1.0 ppm Se as sodium selenite had whole blood, liver,
and kidney Se concentrations of 0.60 + 0.04, 0.90 + 0.10, and 1.53 £ 0.13 pg Se/g (wet weight),
respectively (Table 2.1). A study was performed by Weiss et al. (1996) in which female rats
were fed either a basal diet containing 0.007 ppm Se or a diet supplemented with 0.02, 0.05, 0.1,
0.15, 0.2, or 0.3 ppm Se. The researchers reported that supplementation with 0.02 ppm Se did not
significantly increase the liver Se concentration above those rats fed the basal diet and that the
liver Se concentration of rats fed the Se-deficient basal diet was 4% the concentration in rats fed
the 0.1 ppm diet, on average. Furthermore, liver Se concentration increased sigmoidally with
increasing dietary Se.

Swine studies have shown a similar trend regarding Se concentration in body tissues. A
study performed by Mahan et al. (1999) was conducted to examine the effect of dietary Se level
and source, either organic Se as SeMet or inorganic Se fed as sodium selenite, on tissue Se and
various other response variables of grower-finisher pigs. The pigs were bled at trial onset and
then at intervals of 30, 60, and 90-d after trial initiation. In the study, the researchers found that
swine fed the basal diet containing an average of 0.06 ppm Se had serum Se concentrations of
0.080 ppm at d 0 and then of 0.053, 0.057, and 0.063 on d 30, 60, and 90 of the trial,
respectively. Groups of pigs were also supplemented with 0.05, 0.10, 0.20, or 0.30 ppm Se as
sodium selenite in addition to the basal diet. No d 0 serum sample was taken for these pigs, but
pigs were sampled for serum Se on d 30, 60, and 90 of the trial. On d 30 of the trial, serum Se
concentrations for the pigs fed a diet supplemented with 0.05, 0.10, 0.20, or 0.30 ppm Se were
0.098, 0.128, 0.121, and 0.137, respectively. Serum Se concentrations for the same pigs on d 90

of the trial were 0.120, 0.133, 0.139, and 0.152, respectively. When researchers examined liver



Table 2.1. Se Concentrations [Se] in Various Tissues of Rats.

[Se] in [Se]in  [Se]inRBC [Se]in
Author Year Diet [Se] in Liver Kidney Plasma
(ppm) (ppm)
Behne and 1983 0.3 1.29 1.45 0.52 0.42
Wolters
Whanger Basal a -
and Butler 1988 (0.02) 0.02+0.00 0.22 +0.08 0.03+0.01
Whanger 1988 0.2 0.72+0.05 1.07+0.06 0.50+0.06" )
and Butler
Whanger 1988 1.0 09+0.10 1.53+0.13 0.60+0.04°
and Butler
# Whole blood.

from a subset of these groups at 55 kg body weight they reported liver Se concentrations of
0.195, 0.425, 0.464, 0.526, and 0.522 ppm for pigs fed either the basal diet or a diet
supplemented with 0.05, 0.10, 0.20, or 0.30 ppm Se, respectively. Pigs at 55 kg of body weight
were also examined for kidney Se concentrations. When fed either the basal diet containing no
added Se or the diets containing 0.05, 0.10, or 0.30 ppm Se, the kidney Se concentrations were
1.305, 1.716, 1.771, and 1.655 ppm Se, respectively. A subset of pigs weighing 105 kg was also
killed in order to determine both liver and kidney Se concentration. Pigs fed either the basal diet
containing no added Se or the basal diet containing 0.05, 0.10, or 0.30 ppm supplemental Se had
liver Se concentrations of 0.258, 0.452, 0.436, and 0.534 ppm Se, respectively. The kidney Se
concentrations of the same pigs were 1.811, 2.283, 2.333, 2.328, and 2.376 ppm Se, respectively
(Table 2.2). A study performed by Lei et al. (1998) found that plasma Se concentrations for pigs
fed a basal diet containing 0.03 ppm Se were 1.25 at d 0 of the trial and 0.18 ppm Se at d 35.
Plasma Se concentrations increased in pigs with increasing level of Se supplementation, either
the basal and 0.1 ppm Se, or the basal with 0.3 ppm Se added. The plasma Se concentration at d
35 in pigs fed the basal diet supplemented with 0.1 or 0.3 ppm Se were 0.84 and 1.62 ppm Se,

respectively. The second experiment reported in the study found that pigs fed a basal diet



containing 0.042 ppm Se had plasma Se concentrations on d 0 of 0.26, 0.24, and 0.23 ppm Se,

respectively, while the same pigs at d 35 had plasma Se concentrations of 0.46, 0.49, and 0.58

ppm Se, respectively. The results of both Lei et al. (1998) and Mahan et al. (1999) supported

earlier findings by Groce (1973) and Lowry (1985a, b) (Table 2.2).

Table 2.2. Se Concentrations [Se] in Various Tissues of Pigs.

. : [Se] in [Se] in [Se] in
Author Year/Exp Wz'g?t/ Diﬁ(:)(]plr?m) Liver Kidney Plasma
(ppm) (ppm) (ppm)
Groce et al. 1971 25 wk 0.15 0.57 2.06 -
;Owry et 1985a 8 wk 0.35 0.49 136 -
;Owry et 1985b 8 wk 0.35 0.50 1.42 -
. 1998, Exp Basal 0.18"
Lei et al. 1 9 wk (0.03) -
Lei et al. 19981, Exp 9 wk Baosall + i i 0.84
Lei et al. 1998, Exp owk Basal + i i 1.62
1 0.3
Mabhan et Basal -
al. 1999 55kg (0.06) 0.195 1.305
Mabhan et Basal + -
al. 1999 55kg 0.05 0.425 1.716
Mabhan et Basal + -
al. 1999 55kg 0.10 0.464 1.771
Mabhan et Basal + -
al. 1999 55kg 0.30 0.522 1.655
Mabhan et Basal -
al. 1999 105 kg (0.06) 0.258 1.811
Mabhan et Basal + -
al. 1999 105 kg 0.05 0.452 2.283
Mabhan et Basal + -
al. 1999 105 kg 0.10 0.436 2.333
Mabhan et Basal + -
al. 1999 105 kg 0.30 0.534 2.376

* sampled on d 35 of trial.

Numerous studies have also been performed to assess the effect of Se supplementation on

tissue Se concentration in cattle. Maag and Glen (1967) reported that 12 month old steers
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consuming 0.11 ppm Se in an unsupplemented diet had kidney and liver Se concentrations of
1.08 to 1.32 ppm and 1.13 to 1.20 ppm, respectively (Table 2.3). Kincaid et al. (1977) found that
one month old calves consuming 0.3 ppm Se in an unsupplemented diet had kidney and liver Se
concentrations of 2.70 and 0.91 ppm, respectively. In addition, a study performed by Ullrey et al.
(1977) in which 15 to 18 month old steers were fed a diet containing approximately 0.18 ppm Se
found the animals to have kidney and liver Se concentrations of 1.37 and 0.38, respectively
(Table 2.3). A study was also performed by Awadeh et al. (1998) in which growing Holstein
heifers were fed either 0.41 or 0.73 ppm Se from 92 + 7 d of age until approximately 180 d of
age. Heifers fed the adequate diet (0.41 ppm Se) had a mean serum Se concentration of 0.115
ppm. Calves fed the excessive diet (0.73 ppm Se) had a serum Se concentration of 0.287 ppm.
The same group performed another study in which pregnant, adult crossbred beef cows were fed
one of three experimental mineral premixes designed to contain 20, 60, or 120 ppm Se as sodium
selenite. The estimated intakes of the three mineral salts were 2.4, 4.7, and 8.7 mg Se/d,
respectively. Cows consuming the mineral salt containing 20 ppm Se were found to have a whole
blood Se concentration of 0.110 ppm. The same cows were found to have an average serum Se
concentration of 0.491 ppm, indicating that over 50% of the Se in the whole blood of those cows
was contained in the cellular fraction, most likely in the erythrocytes. Cows consuming mineral
premixes containing 60 or 90 ppm had whole blood Se concentrations of 0.154 and 0.192 ppm,
respectively, and serum Se concentrations of 0.86 and 0.81 ppm, respectively. Rowntree et al.
(2004) reported average plasma selenium concentrations for selenium-drenched pregnant, adult
cows that ranged between 0.970 ppm and 0.619 ppm, depending on the time of year. In this

study, cows sampled in May had the highest plasma selenium concentrations and when sampled
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in September had an average plasma selenium concentration of 0.619 ppm. (SEM=4.61), over

0.30 ppm less than when sampled in May (2004) (Table 2.3).

Table 2.3. Se Concentrations [Se] in Various Tissues of Cattle.

Author Year Age [Se]in [Se] in [Se]in [Se] in
Diet, ppm Liver, Kidney, Plasma,
ppm ppm ppm
Maag and 1967 12 mo old 0.11 1.13 to 1.08 to i
Glen steers 1.20 1.32
Kincaid et 1977 1 mo old 0.30 0.91 2.70 i
al. calves
Ullrey et 1977 15— 18 mo 0.18 0.38 1.37 )
al. old steers
Awadeh et 1998 ~180dold 0.41 - - a
. 0.115
al. heifers
Awadeh et 1998 ~ ISQ d old 0.73 - - 0.287°
al. heifers
Awadeh et 1998 Pregnant,b 20 - - 0.049"
al. adult cows
Awadeh et 1998 Pregnant, 60° - - a
b 0.154
al. adult cows
Rowntree 2004 Pregnant, 20 mg, - - 0.061
et al. adult cows daily to 0.097
Rowntree 2004 Neonatal 1 mgf - -
o€ 0.072
et al. heifers
Rowntree 2004 Neonatal 1 mgf - - 0.119
et al. heifers® '
Rowntree 2004 Neonatal 1 mgf - -
et al. heifers" 0.089

* Concentration of Se in serum.

® 90 d prepartum to 3 mos postpartum.
¢ Concentration of Se in a supplemental salt. Estimated daily intake per cow was 2.4 mg/d.
4 Concentration of Se in a supplemental salt. Estimated daily intake per cow was 4.7 mg/d.

©d 0 of age.

" one-time injection, immediately after birth.

£d 1 of age.
"d 6 of age.

Often of interest is the effect of cow Se status on Se concentrations in the tissues of

neonatal and growing calves, because it has been shown that Se effectively passes through the

placental barrier in cattle (Van Saun et al., 1989). Early signs of Se-deficiency as well as other
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mineral deficiencies in ruminants are often expressed in the young of deficient animals as, in the
case of Se, white muscle disease or neonatal ataxia (Abdelrahman and Kincaid, 1993).
Therefore, tissue reserves of such nutrients in the fetal and neonatal calf are of considerable
interest. Abdelrahman and Kincaid (1993) measured liver Se concentration in fetuses of various
ages removed from cows at slaughter and found that, on average, Se concentration increased
from d 145 to d 195, but then decreased from d 195 to d 245. The researchers concluded that this
decrease in liver Se concentration during late gestation might possibly reflect an increase in the
synthesis of selenoproteins such as GPx by the fetus prepartum, and therefore an increased need
for Se by the fetus. A study performed by Weiss et al. (1984) found that Holstein calves from
cows fed 0, 1, or 5 mg of supplemental Se as sodium selenite 60 d before parturition had serum
Se concentrations that mirrored that of their respective dams. When the serum Se concentrations
of calves at birth were regressed against serum Se concentrations of their dams at 60 d
prepartum, or d 0 of the trial, there was virtually no correlation (r*= 0.01). However, when the
serum Se concentrations of the same calves were then regressed on the serum Se concentrations
of their dams at 45, 30, 15, and 0 d prepartum, there was significant correlation (I’2 =0.79, 0.79,
0.83, and 0.73, respectively). Furthermore, calves whose dams received 1 mg supplemental Se
maintained higher serum Se concentration longer than those calves whose dams received no
supplemental Se. The researchers interpreted this data to suggest that Se concentration in the
blood of prepartum cows can be used to predict neonatal calf Se status and that supplementation
of the dam may be a method of increasing calf Se concentrations before parturition. In addition,
cow Se status may also continue to play a significant role in the Se status of their calves after
parturition, primarily if calves continue to suckle cows, as occurs in beef cattle, since Se is also

transferred through the milk of lactating females (Rowntree et al., 2004; Bruzelius et al., 2007).
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Ammerman et al. (1980) reported that kidney and liver Se concentrations of calves suckling
cows maintained on a diet consisting of approximately 0.2 ppm Se (0.1 ppm occurring naturally
and 0.1 ppm supplemented Se) and having an average liver Se concentration of 0.2 ppm were
1.22 and 0.11 ppm, respectively.

Given the wide range of Se concentrations and the considerable amount of variability
between different laboratories, some researchers have attempted to provide ranges of Se
concentrations for use as a Se status guideline. In the review titled “Biochemical and
Physiological Indicators of Selenium Status in Animals” (1987), Ullrey states that plasma Se
concentrations of 0.08 to 0.12 ppm may be considered adequate. The Michigan State University
Animal Health Diagnostic Laboratory has also attempted to provide such ranges for reference.
According to their laboratory, normal plasma selenium concentrations for adult cattle are
expected to range from 0.070 to 0.100 ppm and serum selenium values generally increase
gradually as animals age, with initial serum selenium values of approximately 0.050 to 0.080
ppm for neonates considered normal (Stowe and Herdt, 1992). The Michigan State University
Animal Health Diagnostic Laboratory analyzed serum samples for cattle of various ages and
found that, on average, young calves aged 10 to 29 days of age had serum selenium
concentrations between 0.055 and 0.075 ppm, and between days 30 and 180 of age, calves
typically had serum selenium concentrations between 0.060 and 0.080 ppm (Stowe and Herdt,
1992). According to Gerloff (1992), marginally Se-deficient adult cattle generally have plasma
selenium concentrations between 0.040 and 0.070 ppm, while adult cattle with concentrations
below 0.040 ppm are considered deficient. Liver selenium concentrations generally range
between 1.2 and 2.0 ppm on a dry weight basis and are typically consistent in normal animals of

adequate selenium status, regardless of animal age (Stowe and Herdt, 1992).
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Although plasma, whole blood, and tissue selenium concentrations are commonly
measured, these response variables are not generally recognized as being accurate indicators of
selenium status (Gerloff, 1992). This is primarily due to the fact that Se may be absorbed in one
of two forms, inorganic, usually as sodium selenite, or in the organic form, most commonly as
selenomethionine (SeMet), which is incorporated nonspecifically into protein as an amino acid in
which the sulfur residue has been replaced by Se. Selenomethionine is not incorporated into Se-
dependent GPx, considered to be one of the most common functional forms of Se, thus assay for
Se in whole blood, serum, plasma, or other tissues alone may not provide an accurate depiction
of functional Se status (Burk, 1991). In fact, an increase in tissue Se concentration is not always
associated with a corresponding increase in GPx activity (Lane et al., 1979; Elsey et al., 1983;
Whanger and Butler, 1988). In addition, when serum Se concentration was regressed via simple
linear regression on whole blood Se concentration, the correlation coefficients were moderately
high (*=0.62 and 0.88 for HG-AAS data and ICP data, respectively). However, prediction
intervals calculated from these correlation coefficients for estimating whole blood Se from serum
Se were very wide (Maas, 1992). For this reason, most conclude that serum Se concentration is
not necessarily an appropriate indicator of nutritional Se status. The researchers theorized that
these wide intervals were possibly due to short-term changes in serum Se concentration due to
variable Se intake short-term, whereas whole blood, or erythrocyte, Se concentration reflects
more long-term Se status (Maas, 1992). Given these drawbacks to the sole use of Se
concentration as an indicator of Se status, GPx activity is generally considered a more accurate

indicator of Se status, but not all forms of the enzyme serve equally in this role.
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The Se-Dependent Glutathione Peroxidases

The role of Se in the body is primarily as an antioxidant via the Se-dependent glutathione
peroxidases (Arthur et al., 2003). Using erythrocytes extracted from rats maintained on either a
Se-adequate or Se-deficient diet, Rotruck et al. (1973) found that hemoglobin oxidation was
increased in the erythrocytes of rats maintained on the Se-deficient diet. Further investigation by
the group showed that Se was a “necessary and integral” part of the GPx enzyme. In addition,
Flohe et al. (1973) showed that the GPx enzymes contained 4 g atoms of Se mol™". Since the
discovery of Se in the active site of GPx by Rotruck et al. (1973) and Flohe et al. (1973), four
primary Se-dependent GPx enzymes have been identified: Classical Glutathione Peroxidase
(GPx-1; EC 1.11.1.9), Gastrointestinal Glutathione Peroxidase (GPx-2; 1.11.1.9), Plasma
Glutathione Peroxidase (GPx-3; 1.11.1.9), and Phospholipid Hydroperoxide Glutathione
Peroxidase (GPx-4; EC 1.11.1.2). Each of the Se-dependent GPx enzymes, with the exception of
GPx-4 (Lei et al., 1995), is a homotetramer (Takahashi et al., 1987) containing one
selenocysteine per subunit in the active site of the enzyme (Forstrom et al., 1978) and each
subunit has a molecular mass of approximately 19 kD (Epp et al., 1983). The primary function of
the GPx enzyme is as an antioxidant responsible for catalysis of the reaction in which glutathione
(GSH) in the reduced form is used to reduce cellular reactive oxygen species (ROS), primarily
hydrogen peroxide (H,0O,), common byproducts of cellular metabolism and processes involving
oxygen (Flohe, 1973). These strong oxidants have the potential to react with cellular
macromolecules and cause damage such as genomic mutations, destruction of protein structure
and function, and lipid peroxidation, which may, in turn, result in considerable cellular oxidative
stress and even cell death (Halliwell et al., 1992; Poot, 1991). In order to avoid such damage,

these ROS are converted to water (H,O) or, in the case of organic hydroperoxides, non-toxic
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alcohols. Nictotinamide Adenine Dinucleotide Phosphate (NADPH) then serves as a hydrogen
donor to the oxidized GSH, returning it to the active reduced form. Specifically, two glutathione
molecules are oxidized to form two molecules of water from one molecule of H,O, via the
catalytic enzyme GPx. The oxidized glutathione (GSSG) is then reduced via catalysis by the
enzyme glutathione reductase (GSSG-R) to reform two molecules of glutathione (Paglia and
Valentine, 1967) (Figure 2.1).

2 GSH + H,0; - 2 H,0 + GSSG + NADPH --°**®*..> 2 GSH + NADP",
Figure 2.1. The oxidation and subsequent reduction of GSH, from Paglia and Valentine (1967).

Glutathione Peroxidase-1 (GPx-1)

Since the discovery (Mills, 1957) and partial purification (Mills, 1959) of GPx, numerous
forms of the enzyme have been isolated and purified in various body tissues. The form of GPx
contained within the cell cytosol and mitochondria is GPx-1, or cytosolic GPx (Chambers et al.,
1986; Esworthy et al., 1997). The highest activity of this enzyme is generally considered to be in
the liver, followed by the erythrocytes, lungs, and heart (Ullrey, 1987). Considerable research
has shown that GPx-1 functions primarily in an anti-oxidant role, its primary substrate being
H,0O; and other organic hydroperoxides. Using GPx knockout mice possessing a homozygous
null mutation for GPx-1, Haan et al. (1998) demonstrated that the enzyme has a significant role
in the protection of cells from paraquat-induced oxidation. The GPx-1 knockout mice were
shown to have significantly increased mortality when exposed to 30 ppm paraquat, with 100% of
knockouts dying within 5 hours of exposure, versus the controls, which showed no evidence of
toxicity. The group also showed that cortical neurons, when challenged directly with H,O,, were
considerably more susceptible to oxidative damage in the knockout mice than in the control

group. Furthermore, Haan et al. (1998) showed that exposure to paraquat transcriptionally up-
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regulated GPx-1 in normal cells, reinforcing the importance of the enzyme in protection from
oxidative stress. Recent studies utilizing GPx-1 knockout mice also have shown that these
animals are actually healthy and fertile up to 15 month of age, showing no considerable growth
response which may be attributed to Se-deficiency or, as a result, GPx-1 deficiency (Ho et al.,
1997; Cheng et al., 1997). These findings agree with other observations using Se-deficiency to
induce a decrease in GPx activity in various species (Christiansen and Burgener, 1992; Lei et al.,
1995; Mahan and Parrett, 1996; Weiss et al., 1996; Lei et al., 1998; Haan et al., 1998; Lawler et
al., 2004; Payne and Southern, 2005). These reports are in conflict with findings of Whanger and
Butler (1988) in which rats fed a basal diet containing 0.02 ppm Se gained significantly less than
those rats fed a diet supplemented with varying levels of Se. However, the researchers reported
that the rats consuming the basal diet consumed significantly less feed than those rats fed the
basal diet supplemented with varying levels of Se.

Glutathione Peroxidase activity in blood is associated largely with erythrocytes, which
contain approximately 98% of total GPx-1 activity (Scholtz and Hutchinson, 1979). The enzyme
is incorporated into reticulocytes, the precursors of erythrocytes, during their formation with
whole-body erythrocyte turnover only occurring approximately every 90 to 120 days in the
bovine (Ullrey, 1987), marking erythrocyte GPx-1 (RBC-GPx) activity as an ideal estimator of
long-term Se status. However, there are notable inter-species variations with regard to GPx
activity in erythrocytes. A comparison of GPx activity in nine species was published by Suzuki
et al. (1985). The means of the nine species ranged from 22 EU/g hemoglobin (Hb) in the golden
hamster to 493 EU/g Hb in the mouse, where one enzyme unit (EU) is equal to the amount of
GPx activity required to oxidize 1 umol NADPH per min. The GPx activity in the erythrocytes

of cattle was reported to be 165 + 43 EU/g Hb (Suzuki et al., 1985) (Table 2.4). A study

18



performed by Whanger and Butler (1988) found that rats fed a basal diet containing 0.02 ppm Se
had an average RBC-GPx activity of 47 + 11 EU/g Hb. When rats were fed the basal diet
supplemented with 0.2 ppm Se or 1.0 ppm Se a sodium selenite, they had an average RBC-GPx
activity of 435 + 19 EU/g Hb and 518 =21 EU/g Hb, respectively (Table 2.5). Weiss et al.
(1996) found that RBC-GPx activity in Se-deficient rats maintained on a diet containing 0.007
ppm Se was 40 + 3% of the activity in Se adequate female rats fed a diet containing 0.1 ppm Se
as sodium selenite. Erythrocyte GPx-1 activity ranged from approximately 80 EU/ g Hb for rats
consuming the Se-deficient basal diet containing 0.007 ppm Se to approximately 280 EU/g Hb
for those rats fed a diet supplemented with 0.3 ppm Se as sodium selenite (Table 2.5).
Erythrocyte GPx-1 activity has also been used as an indicator of Se status in cattle at
various production stages. In a study examining the effect of pre- and post-partum Se
supplementation on cows and their calves, cows consuming 13 mg Se/d for 15 d pre-partum had
an average d 0 RBC-GPx activity of 2.33 EU/g Hb. When sampled at 15 and approximately 54 d
post-partum, the same cows had an average RBC-GPx activity of 122.4 EU/g Hb and 127.2 EU/g
Hb at respectively. Calves from these cows had RBC-GPx activity of 186.2 and 129.3 EU/g Hb
at 15 d and 54 d post-partum, respectively. In the same study, cows consuming 32.5 mg Se/d had
an initial RBC-GPx activity of 1.67 EU/g Hb. When these cows were sampled at d 15 and 54
post-partum, they had an average RBC-GPx activity of 161.7 and 181.1 EU/g Hb, respectively
(Enjalbert et al., 1999). A second experiment conducted by the same group found that when
cows were supplemented with 0, 13, or 32.5 mg Se/d for 15 d postpartum and sampled
approximately 101 d post-partum, they had an average RBC-GPx activity of 67.2, 146.4, and
150.9 EU/g Hb, respectively (Table 2.5). The calves of the same cows were treated with 1.38 mg

Se intramuscularly on d 2 post-partum and again at approximately 49 d of age. When these
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calves were sampled at approximately 101 d post-partum, they had an average RBC-GPx activity
of 130.0, 156.4, and 177.1 EU/g Hb when their dams received 0, 13, or 32.5 mg Se/d,
respectively (Enjalbert, 1999). In a study conducted by Rowntree et al. in 2004 involving

Table 2.4. Average RBC-GPx-1 Activity of Animals and Humans, from Suzuki et al., 1985.

Species EU/g Hb*®
Golden hamster 22+2
Guinea Pig 28+£6
Rabbit 33+7
Rat 106 + 20
Mouse 493 + 124
Goat 115+53
Sheep 124 + 41
Cattle 165 +£43
Human 35+7

* Mean + 95% confidence limits.
b E.U: Enzyme Unit; 1 EU is the amount GPx activity required to oxidize 1 pmol NADPH per
min.
multiparous Hereford cows, erythrocyte GPx activities in cows unsupplemented with Se were
14.94 EU/g Hb, while RBC-GPx activity in cows supplemented with Se was 24.61 EU/g Hb
(SEM=3.33).

Glutathione Peroxidase-1 is also found in animal tissues, most notably the liver, lungs,
and heart (Ullrey, 1987). It is often desirable to examine GPx-1 activity in tissues in an attempt
to both accurately determine Se status and to correlate tissue activity to tissue Se concentrations

and GPx-1 mRNA concentrations. Liver is often used for this purpose as it has been shown to

have the highest GPx activity of any tissue that has been analyzed (Behne and Wolters, 1983).
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Knowles et al. (1999) reported that liver GPx-1 activity was positively correlated to both liver Se
concentration (r*= 0.73) and, to a lesser extent, blood Se concentration (r*= 0.69). Liver GPx-1
activity is also highly responsive to Se status. Liver GPx activity in Se-deficient rats has been

Table 2.5. Erythrocyte GPx-1 activity in various species fed varying levels of Se.

. [Se] in diet, RBC-GPx-1,
Author Year Species ppm EU/g Hb?
Whanger and 1988 Rat 0.02 47+ 11
Butler
Whanger and 1988 Rat 0.2 435+ 19
Butler
Whanger and 1988 Rat 1.0 518 +21
Butler
Weiss et al. 1996 Rat 0.007 80
Weiss et al. 1996 Rat 0.3 280
Enjalbert et al. 1999 Cow 10°° 67.2¢
Enjalbert et al. 1999 Cow 13° 146.4
Enjalbert et al. 1999 Cow 32.5° 150.9¢
Rowntree et al. 2004 Cow No supplemental 14.94
Rowntree et al. 2004 Cow 20 mg drench 24.61

* EU= Enzyme Unit; 1 EU is the amount GPx activity required to oxidize 1 pmol NADPH per
min.

®mg Sed™

¢ supplemented for 15 d postpartum.

dat101d post-partum.

previously reported to be as little as 8% of that observed in rats maintained on a Se-adequate diet

formulated to contain 0.5 ppm Se (Lawrence and Burk, 1976). Whanger and Butler (1988) found

that rats maintained on a Se-deficient basal diet containing 0.02 ppm Se had an average liver

GPx activity of 8 + 4 EU/g protein, while rats fed the basal diet supplemented with 0.2 ppm Se

as sodium selenite had an average liver GPx activity of 700 + 105 EU/g protein (Table 2.6).

Weiss et al. (1996) reported average liver GPx-1 activity of rats consuming a basal diet
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containing 0.007 ppm Se to be less than 100 EU/g protein, only 2% of the activity observed in
rats fed a diet containing 0.1 ppm Se as sodium selenite. In this study, the liver GPx activity of
the supplemented rats was, on average, approximately 2,400 EU/g protein (Table 2.6). Liver
GPx-1 activity levels have also been determined in swine; growing pigs maintained on a Se-
deficient basal diet containing 0.03 ppm Se were found to have an average liver GPx-1 activity
of approximately 12.5 EU/g protein, while pigs fed the basal diet supplemented with either 0.1 or
0.3 ppm Se as sodium selenite had average liver GPx-1 activities of 50 and 210 EU/g protein,
respectively (Lei et al., 1998, Table 2.6).

Table 2.6. Liver GPx-1 activity in various species fed varying levels of Se.

. [Se] in diet, Liver GPx-1,
Author Year Species opm EU/g protein
Whanger and 1988 Rat 0.02 844
Butler
Whanger and 1988 Rat 0.2 700 + 105
Butler
Weiss et al. 1996 Rat 0.007 < 100
Weiss et al. 1996 Rat 0.1 2,400
Lei et al. 1998 Pig 0.03 12.5
Lei et al. 1998 Pig 0.1 50
Lei et al. 1998 Pig 0.3 210

Glutathione Peroxidase-3 (GPx-3)

In comparison to that of erythrocytes, plasma Se levels are more sensitive to short-term
changes in Se supplementation and tend to fluxua