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Abstract

The effect of selenium (Se) supplementation, by ad libitum salt-mineral mixture (SMM)
and/or Se injection, on bovine imn"xune response was evaluated in three experiments. Sixty
weaned beef calves, with marginal blood Se (67 pg Se/l), were allotted to one of six Se
treatment groups in a 70-day experiment. Antibody responses to lysozyme were lower in
calves fed 20 ppm Se salt-mineral mixture (SMM) ad libitum as compared to calves fed 20
ppm Se SMM and injected with 0.1 mg Se + 1.0 IU vitamin E/kg body weight, IM, or
with calves ad libitum fed 80, 120, 160, or 200 ppm Se SMM. Blood Se on day 70 was
higher in calves fed 80, 120, 160, or 200 ppm Se SMM than calves fed 20 ppm Se and
injected with 0.1 mg Se + 1.0 IU vitamin E/kg of body weight, IM.

* An ad libitum 120 ppm Se SMM was compared to Se injection in 80 mid-gestation beef
cows that were Se-deficient (50 pg Se/l blood). Supplementation with 120 ppm Se SMM
increased blood Se in cows and calves to > 100 pg/l, increased IgG concentrations in
colostrum, and increased IgG concentrations in serum of post-suckle calves. Calves from
Se-adequate dams had higher Se concentrations in blood and higher average daily gains at
60 days than Se-deficient calves injected with Se at birth.

An ad libitum 120 ppm Se SMM was compared to Se injection in 60 Se-deficient (41
ug Se/l blood) weaned beef calves in a 56-day experiment. Calves fed 120 ppm Se SMM
and unsupplemented control calves had higher antibody responses to lysozyme than calves
injected with 0.1 mg Se + 1.0 IU vitamin E/kg body weight. Blood Se concentrations
increased in calves fed 120 ppm Se SMM, did not change in calves injected with 0.1 mg
Se/kg body weight, and decreased in control calves. Se treatment did not affect IgA

response in tears of calves.
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Chapter 1

Introduction

The correlation between inadequate nutrition and disease has been observed for
centuries as famine and pestilence.! Scrimshaw et al., in 1959, proposed the concept that
nutrition and immune function were synergistic.2 The synergism is bidirectional: nutrient
deficiencies may depress immune function which can lead to an increased chance of
infection. Conversely, infection may increase nutrient requirements. Nutrient deficiencies
are identified by the expression of classical clinical signs that resolve with nutrient
supplementation. Past research has determined nutrient requirements for prevention of
nutrient deficiencies and for maximum animal production. Nutrient thresholds for
immunodeficiency, however, may be greater or less than levels required to prevent
clinical signs of nutrient deficiencies.

Infectious diseases cause significant economic losses in animal production systems.

For example, the dairy industry in the United States loses an estimated $2 billion
annually to mastitis3 and the beef cattle industry loses an estimated $500 million annually
to respiratory disease.4 Nutrient supplementation that promotes optimal immune function
should reduce economic losses from the morbidity and mortality of infectious diseases.

Berzelius discovered selenium (Se) over 170 years ago and named the metalloid for
Selene, the Greek goddess of the moon.3 Selenium was first identified as a toxicant and
carcinogen; however in 1957, Schwarz and Foltz recognized Se as an essential nutrient
for animals.3> 6 Frost and Lish aptly described Se as "the least plentiful but most toxic
trace element”.’

Soil Se content, which varies geographically, influences animal and plant Se status.

Selenium toxicosis and Se-responsive disorders have been recognized in animals fed feeds



from high Se soils and low Se soils, respectively.

Selenium is a component of the cellular enzyme glutathione peroxidase (GSH-PX) in
animals. This enzyme reduces hydrogen peroxide and organic peroxides and thus protects
cells from oxidative damage. Currently, GSH-Px activity is identified as the most
important function of Se in animals. Glutathione peroxidase activity in blood is positively
correlated to blood Se concentrations; therefore, blood Se concentration or blood GSH-Px
activity is used to assess Se status of the bovine.3. 9

Selenium supplementation enhances immune function of Se-deficient animals.
Spallholz et al.,, in 1973, observed that oral Se supplementation enhanced primary
immune responses in mice. 10 Selenium-deficient cattle have impaired immune function
and Se supplementation has improved immune function of Se-deficient cattle.5

The purpose of the present set of experiments was to evaluate the effects of Se
supplementation on immune responses in beef cows and calves fed forages from a

Se-deficient area.



Chapter I1

Literature Review

Selenium in soils and plants

Soil Se concentrations vary geographically but rarely exceed 500 ppm, thus Se ores
do not exist. A variety of geologic materials contain Se and the earth’s crust averages 0.03
to 0.08 ppm Se.ll Within the United States, both high (average 24.5 ppm Se) and low
(average < 0.5 ppm Se) soil Se concentrations are found.5 Cattle fed feeds grown on high
Se soils have developed selenosis whereas cattle fed feeds grown on low Se soils have
developed Se-deficiency.

Selenium is found in the soil as organic Se, selenate salts, selenite salts, elemental Se,
and metal selenides. Elemental Se, however, is nonexistent in most soils. Plants take up
large amounts of selenate, moderate amounts of selenite, and small or no amounts of
selenide or organic Se.!2

Both inorganic and organic forms of Se are found in plants. The major inorganic form
of Se in plants is selenate 13 and most organic Se in plants is in the form of selenoamino
acids. Selenomethionine (SeMet) is the predominant selenoamino acid;14 however, other
rare selenoamino acids such as selenocysteine (SeCys), selenocystine and Se-methyl
selenomethionine are found in plants.13

Plant uptake of Se varies among plant species. Plants that accumulate concentrations of
Se that are toxic to animals, have been defined as obligate and facultative indicator plants.
Obligate indicator plants such as Astragalus and Xylorrhiza require Se for optimal growth
and can accumulate over 1000 ppm Se.12. 16 Obligate indicator plants are unpalatable and

are not grazed unless other feedstuffs are not available. Facultative Se indicator plants



such as Asters and Atriplex also accumulate toxic concentrations of Se. Facultative
indicator plants do not require Se for growth and only accumulate Se from seleniferous
soils. Cereal grains, like facultative indicator plants, accumulate Se if grown on

seleniferous soils. On soils moderately low in Se, alfalfa accumulates more Se than

grasses.d In the United States, plants that accumulate Se grow on seleniferous soils in the
arid to semi-arid regions in the western plains states. Conversely, many forages and grains
from soils of the pacific northwest, northern midwest, northeast and southeast regions of

the country contain minimal amounts of Se. Figure 1 shows forage and grain Se

concentrations in various regions of the United States.17

Selenium metabolism in animals

Selenosis

Selenium was identified as a toxicant in 1936, 20 years before it was identified as an
essential nutrient.18 Selenosis has been described as three different syndromes; acute

selenosis, Alkali Disease (chronic selenosis),!8 and Blind Staggers.12 Clinical signs of
acute selenosis in cattle that consumed Astragalus or Xylorrhiza were abnormal posture,

watery diarrhea, dyspnea with bloody froth, cyanosis, respiratory failure, and death
within hours to days of plant ingestion.13 Acute selenosis has been experimentally

reproduced in ewes and calves.!9-21 Dyspnea, depression, and death within 12 hours to 3

days were observed in ewes and calves given 0.7 and 2 mg Se/kg body weight,

respectively, as an intramuscular (IM) injection.192! Blodgett and Bevill determined the
LDsq for IM injection of Se in sheep was 0.7 mg Se/kg body weight.19 Intramuscular

injection of 1 mg/Se kg body weight in calves, however, was non-toxic.21 Single oral

doses of 9.9 - 20 mg Se/kg body weight have produced acute selenosis in ruminants.22
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Alkali Disease is associated with long term consumption of forages or grains that
contain 10-30 ppm Se.13 Clinical signs of Alkali Disease include weight loss; hair loss
from manes, tails, and bodies; hoof growth aberrations; sloughing of hooves; anemia;
and joint stiffness.13:22 Several authors have suggested that 5 ppm Se in rations can
cause chronic selenosis; 1622 however, Lopez etal. fed a S ppm Se diet to sheep for 97
days and did not observe clinical signs of selenosis.23

Blind Staggers has been related to consumption of Astragalus and Xylorrhiza. Clinical
signs, which may not develop until weeks after exposure to these plants, are wandering,
loss of voluntary muscle control, impaired vision, abdominal pain, paralysis, salivation,
and respiratory failure that leads to death.22.24 Plants of the Astragalus genus, however,
also produce locoweed poisoning. Van Kampen and James fed Astragalus bisulcatus to
ewes and observed microscopic lesions associated with locoweed poisoning.25 The
authors hypothesized that locoweed-like toxins, not Se content, were responsible for the
syndrome Blind Staggers.

Decreased appetite and growth rate have been observed in diets fed at the rate of 0.5
mg Se/kg body weight to cattle26 and at 4-8 mg Se/kg ration in swine.27 Clinical signs or
lesions of selenosis were not found, thus decreased weight gains may be a subclinical

indicator of selenosis.

Selenium-responsive disorders

The first evidence of a Se requirement came from a toxicity experiment in which Poley
et al. observed growth promotion in chickens fed selenized grains.28 Schwarz and Foltz
found in 1957 that Se was an essential component of a dietary fraction, named Factor 3,

that prevented liver necrosis in rats.6 Factor 3 was synergistic with vitamin E and



L-cystine; however, L-cystine was later found to be contaminated with minute amounts
of Se.29 Since 1957, several Se-responsive disorders of ruminants have been described;
nutritional muscular dystrophy,30.31 skeletal myopathy in adults,8.32,33 cardiac
myopathy,34-35 abnormal cardiac conductivity,36 placental retention,3-37 infertility,832
abortion, stillbirths,® neonatal weakness,8 diarrhea,® unthriftiness,8:34 periodontal
disease,38-39 anemia and Heinz bodies,40 and decreased immune response.8

Selenium-responsive disorders affect many body systems. Nutritional muscular
dystrophy (NMD), also called white muscle disease, was the first Se-responsive disorder
documented in ruminants.3! The pathogenesis of NMD involves degeneration and
necrosis of various muscle groups. The clinical presentation of NMD in neonatal lambs
and calves is related to location of the diseased muscle groups. Clinical signs of NMD and
the muscles affected are lameness and reluctance to move (skeletal muscle of rear limbs),
pneumonia (intercostal muscles and diaphragm), and sudden death (cardiac muscle).
Clinical signs of NMD are accompanied by an increase in serum creatinine kinase and
lactate dehydrogenase.8 Post-mortem lesions include grossly visible pale streaks in
muscle and microscopically visible Zenker's necrosis and calcification of muscle.
Nutritional muscular dystrophy is found in regions where feeds contain between 0.02 and
0.03 ppm Se. Supplementation of cows and ewes with 0.1 ppm Se in the diet prevents
NMD in calves and lambs.5

Selenium deficiency has been associated with increased occurrence of retained placenta
in dairy cattle. Although the pathogenesis of retained placenta is not understood, Se
supplementation has reduced the occurrence of retained placenta in some dairy herds.#!
Selenium deficiency has also been associated with infertility and abortion.8 The causes
of these reproductive disorders are multifactorial. Selenium deficiency, therefore, should

be considered as only one causative factor.



Selenium absorption, retention and excretion

Dietary selenoaminoacids and Se salts are absorbed in the small intestine.
Selenoamino acids are absorbed through amino acid pathways, whereas Se salts (selenite
and selenate) are absorbed by diffusion. Rumen microbes incorporate Se into bacterial
proteins or reduce Se to forms that are unavailable.3

The dietary form of Se influences retention and deposition in the body. SeMet is
randomly incorporated into methionine residues of proteins thus SeMet may be found in
any protein mass. SeCys, however, occupies unique positions in proteins and is not a
simple cysteine replacement.42 SeMet and selenocystine may be converted to SeCys but
the rate and importance of these conversions is unknown. Plasma selenite is absorbed by
erythrocytes, converted to selenodiglutathione or hydrogen selenide, and excreted back
into plasma.43 Porter et al. hypothesized that plasma proteins transport
selenodiglutathione and hydrogen selenide throughout the body.

In excretion pathways, organic and inorganic Se compounds are reduced to selenide
which is then methylated. Trimethylselenide is the most abundant urinary Se metabolite.15
Dimethylselenide, a volatile metabolite excreted primarily through the lungs, is
quantitatively important only at high doses of selenium.14 The majority of ingested Se in
ruminants is found in the feces whereas parenteral Se is excreted in the urine and feces.
Handreck and Godwin determined that the Se excretion pattern in sheep dosed with oral
[75Se] pellets was 1% in expired air, 30-50% in urine, and 50-70% in feces. 44
Symonds injected [73Se] into sheep and found 10% and 9.5-17% of the dose in the urine

and feces, respectively. 45

Sunde has developed a schematic for the metabolism of organic and inorganic Se

(Figure 2). 46
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Biochemical roles of Se

SeClys is found in the active site of the bacterial enzymes formate dehydrogenase and
glycine reductase; and the mammalian enzymes GSH-Px and phospholipid hydroperoxide
glutathione peroxidase (PHGPX).42:47 Other mammalian selenoproteins such as 10K
muscle protein, Se-P protein, 20K bovine sperm protein and 130K plasma protein have
been identified but their function is unknown.46 A selenouridine residue of tRNA in
bacteria that codes for glutamate and lysine has also been identified.42

Currently, GSH-Px activity is identified as the most important role of Se in mammals.
The role of Se in GSH-Px was determined after the independant discoveries that Se and
GSH-Px are antioxidants. Mills discovered bovine erythrocyte GSH-Px in 1959 and
observed that it prevented oxidative breakdown of hemoglobin 48 Rotruck et al. observed
in 1972 that dietary Se supplementation reduced hemolysis and hemoglobin oxidation of
rat erythrocytes.49 Rotruck et al. hypothesized that Se was involved in the utilization of
glutathione because erythrocytes from Se-deficient rats contained more glutathione than
erythrocytes from Se-supplemented rats. One year later, Se was determined to be an

integral component of GSH-Px.50

Glutathione peroxidase protects the cell from oxidative damage by catalyzing the
reaction: 2 GSH + H,0, =GSSG + 2 H,0.5! Glutathione peroxidase is a tetramer (mol

~ wt ~ 80,000) with a single SeCys residue in each monomer.52 Each GSH-Px molecule
binds two glutathione molecules thus a dimer is the functional unit.53 GSH-Px reduces
organic hydroperoxides and hydrogen peroxide in the cytosol, however, GSH-Px is
unable to reduce lipid hydroperoxides of membranes due to stearic hindrance.34

Ursini et al. discovered a membrane-bound enzyme (mol wt=20,000 K) that reduces
phospholipid hydroperoxides and named the enzyme phospholipid hydroperoxide

10



glutathione peroxidase.4”7 This enzyme contains one SeCys residue and may be similar
to a single monomer of GSH-Px, however, this similarity can not be confirmed until the
amino acid sequence of PHGPX is determined.

Vitamin E and GSH-Px have synergistic activities. Rotruck et al. observed that Se
protected against oxidative damage to erythrocyte membranes (hemolysis) and cytosol
(hemoglobin oxidation) while vitamin E only protected against hemolysis.49 The partial
synergism of Se and vitamin E is possible because PHGPX and vitamin E are present in
the membrane, whereas GSH-Px is present in the cytosol.

Another role of GSH-Px and PHGPX is regulation of cyclooxygenase and
lipooxygenase peroxidation through removal of hydroperoxides. Selenium/vitamin
E-deficient sheep produced more malondialdehyde, a product of cyclooxygenase and
lipooxygenase pathways, as compared to Se/vitamin E-adequate sheep.55 Likewise,
thromboxane By (cyclooxygenase pathway) and 12-hydroperoxyeicosatetraenoate
(lipooxygenase pathway) concentrations were increased in Se-deficient rats as compared
to Se-adequate rats.56 Mechanisms of inhibition or enhancement of cyclooxygenase and
lipooxygenase products are not completely understood but may be an important
biochemical role of GSH-Px.

The mechanism of SeCys incorporation into GSH-Px, like other rare amino acids, is
more complex than a simple insertion of SeCys during protein synthesis. Sunde et al.
hypothesized that Se incorporation into GSH-Px was post-translational because excess
selenite and excess selenide decreased [7°Se]SeCys incorporation into GSH-Px, but,
excess SeCys did not affect [73Se]selenite incorporation into GSH-Px.57 Chambers et al.
determined that the nucleic acid sequence TGA, previously considered a nonsense or
termination codon, coded for the SeCys moiety in murine GSH-Px.58 Mizutani and

Hitaka, unable to demonstrate a tRNA that accepted SeCys, hypothesized that ribosomes

11



inserted phosphoserine into GSH-Px and that phophoserine was converted to
selenocysteine.59 Sunde and Evenson observed that radiolabeled serine was incorporated
into GSH-Px.53 Serine was phophorylated and the phosphoserine was subsequently
converted to SeCys while on phosphoserine tRNA or on the GSH-Px molecule. A
phosphoserine apoenzyme of GSH-Px does not exist in circulation because GSH-Px
protein content of plasma has been positively correlated to GSH-Px activity in both
Se-deficiency and adequacy. 0

The dietary form of Se influences the rate and efficiency of Se incorporation into
GSH-PX. SeMet was absorbed and retained in the body more efficiently than selenite,
however, selenite was incorporated into GSH-Px more efficiently than SeMet.61 SeMet is
indiscriminately incorporated into methionine residues in proteins, thus body proteins may
be a sink that renders SeMet unavailable for GSH-Px production. Feed manufacturers
chelate trace elements to amino acids to increase bioavailability of the element as compared
to the inorganic form of the element. Selenite, however, is more available for GSH-Px

production than chelated or "natural” Se in the form of SeMet.

Assessment of Se status by GSH-Px activity or Se concentration

Glutathione peroxidase is widely distributed in cattle tissues. Scholz et al. reported
GSH-Px and Se distribution in Se-deficient calves fed diets that contained either 0.03,
0.23 or 0.53 ppm Se.62.63 Se supplementation (0.23 and 0.53 ppm Se) increased
GSH-Px activity and Se content of spleen, heart, erythrocytes, thymus, skeletal muscle,
renal cortex, lung, adrenal glands, and liver. Selenium supplementation increased Se
content of renal medulla, cerebrum, and plasma while GSH-Px activity did not increase in
these tissues. Blood and plasma GSH-Px activity are shown in Table 1. Selenium content

and GSH-Px activity of tissues are shown in Figures 3 and 4, respectively.
12



Table 1. Blood and plasma GSH-Px activity in Se-deficient calves
fed Se-supplemented milk for 12 weeks.

Dietary Se content Glutathione Peroxidase Activity
(mg/kg total solids) Blood* Plasmat
0.03 140+ 1.4 0.021 + 0.005
0.23 53.1+£79 0.020 + 0.001
0.53 70.7 + 8.6 0.034 + 0.004
Data expressed as mean + SEM

* pmoles of NADPH oxidized/min/g of Hb
1 umoles of NADPH oxidized/min/ml

13
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Figure 4. Tissue GSH-Px activity in Se
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Blood is the preferred sample to evaluate Se status in animals because both GSH-Px
and Se are present in blood and blood is easier to sample than tissues such as liver and
kidney. Selenium content and GSH-Px activity, however, differ between blood
components, i.e. erythrocytes and plasma. Scholz and Hutchinson determined that 98.7%
of blood GSH-Px activity in 146 Holstein cows was associated with erythrocytes whereas
only 0.7% was associated with plasma.64 The authors also estimated that 73% of Se in
blood was associated with the cellular component. Blood Se is positively correlated to

erythrocyte GSH-Px in sheep and cattle; however, correlation indices (r2) range from

0.25 to 0.94.64-70

Erythrocyte GSH-Px activity was positively correlated (r2=0.90) to serum Se
concentrations in 15 Holstein herds from Se-deficient and Se-adequate regions of the
northern midwest.71 Serum Se concentrations ranged from 33 to 599 pg/l and serum Se
status of many cows appeared to indicate selenosis (> 400 pg Se/l ); however, no clinical
signs of selenosis were observed. Blood Se concentration was positively correlated to
plasma Se concentration in dairy cows ( 12 = 0.932); but plasma GSH-Px activity was

not highly correlated to plasma Se concentration.64

Selenium repletion and depletion

The correlation between blood Se concentration and GSH-Px activity is influenced by
the dynamics of Se and GSH-Px metabolism. Blood and plasma Se concentrations are
positively correlated to GSH-Px activity when Se balance is zero, i.e. neither increasing
or decreasing. Parenteral Se supplementation, however, repletes Se concentrations and
GSH-Px activity of different tissues at different rates. Thompson et al. injected calves

with either 0.1 or 0.2 mg Se/kg body weight and monitored changes in Se concentrations
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