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Abstract

This review addresses the concept that essential trace minerals play a vital role in many enzymatic and metabolic pathways that
are critical for conceptus development during pregnancy in livestock species. The conceptus relies entirely on the maternal system for
a sufficient supply of trace minerals and other nutrients needed for normal development. If this supply is inadequate, growth and/or
health of the conceptus can be affected adversely, and many of these effects carry over into the neonatal period. Information, ac-
cumulated in our laboratory and presented herein, indicates that zinc, copper and manganese are among the trace minerals that have
the greatest impact on reproduction. For example, levels of zinc, copper and manganese were several fold greater in the conceptus
than in other reproductive tissues, indicating that the conceptus preferentially accumulates these minerals, an action that may be
important for conceptus development, growth and survival. Moreover, some recent results indicate that increasing the biological
availability of zinc, copper and manganese, by attachment to short peptide chains (i.e., proteinated trace minerals) can enhance
reproductive performance of swine. Mineral concentrations in conceptuses from female pigs consuming proteinated trace minerals
were greater than those from females that consumed only inorganic mineral salts. Elucidating the mechanisms whereby conceptus
development and survival are enhanced by essential trace minerals may lead to development of specific feeding programs to increase
the number and health of offspring at parturition, thereby allowing for further improvements in production efficiency in animal

agriculture.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Important links between nutrition and reproduction
were clearly established many years ago. For example,
Bennetts and Chapman (1937) established that enzootic
neonatal ataxia (swayback) in newborn lambs was the
result of ewes grazing copper deficient pastures. These
and subsequent researchers (Allcroft et al., 1959) dem-
onstrated that copper supplementation of the ewe dur-
ing gestation could prevent this disease. Since that time,
studies have shown the importance of numerous trace
elements for support of normal reproduction in many
animal species; however, nutrition and reproduction
traditionally have been studied as separate disciplines.

* Corresponding author.
E-mail addresses: chostetler@wsu.edu (C.E. Hostetler), rkincaid@
wsu.edu (R.L. Kincaid), mmirando@reeusda.gov (M.A. Mirando).

Most early studies altered a nutrient concentration in
the diet and then measured the outcome (e.g. litter size,
birth weight, birth defects, etc.). In recent years, studies
have focused more on cellular mechanisms by which
nutrition affects fetal development. However, much of
this work was conducted using the rodent model, mak-
ing it necessary to extrapolate the findings to practical
livestock nutritional. Many controlled nutritional stud-
ies need to be conducted to determine if the same effects
that are observed in rodents also occur in livestock.
With newer technology and more sensitive assays
available, the disciplines of nutrition and reproduction
can be investigated together more readily.

Hidiroglou and Knipfel (1981) stated that the fetus is
completely dependent on the dam for its supply of nu-
trients, including essential trace elements. Inadequate
transfer of these elements results in a mineral deficiency
in the fetus, causing impaired fetal growth and abnor-
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malities to the central nervous system, skeleton and
metabolism (Widdowson et al., 1974). Additionally,
newborn offspring of dams with insufficient mineral in-
take during pregnancy have low body reserves and are
susceptible to trace mineral deficiencies in early life
(Weiss et al., 1983). For example, selenium (Se) sup-
plementation of cows during the last 60 days of gesta-
tion not only greatly increases endogenous Se reserves of
newborn calves, but the improved Se status is still
present in calves at 42 days of age (Abdelrahman &
Kincaid, 1995). The mechanisms that control nutrient
utilization during pregnancy are not well defined. By
understanding these mechanisms, animal management
practices can be developed to increase the number of
viable offspring at parturition, as well as enhance other
commercially important aspects of reproductive per-
formance. Additionally, by knowing the time during
pregnancy when an essential trace element is most nee-
ded, precise feeding plans can be formulated such that
urinary or fecal excretion of the element are reduced,
thereby reducing the release of heavy metals into the
environment from intensive animal production opera-
tions. This article reviews the available information on
the roles of essential trace elements in development of
the embryo and fetus during pregnancy.

2. Early pregnancy

2.1. Maternal recognition of pregnancy and embryonic
mortality in livestock

Conception rates, as determined by the presence of
cleaved embryos in the oviduct, are relatively high in
livestock and occur at a rate of 90-95% (Coffey & Britt,
1993; Pope, 1988; Robertson et al., 1951). However, the
rate of embryonic mortality during the first 30 days of
pregnancy is approximately 30% (Marlow & Smith,
1971; Perry & Rowlans, 1962; Pope, 1988, 1992), al-
though the causes of early embryonic death in livestock
are largely unknown. Factors that directly or indirectly
influence conceptus growth and development are likely
to also alter the rate of embryonic survival or develop-
ment, thereby influencing the number and size of off-
spring at parturition. The essential trace minerals
(ETM) copper (Cu), iodine (I), iron (Fe), manganese
(Mn), Se and zinc (Zn) are known to influence embry-
onic and fetal survival, as well as other aspects of re-
productive performance and growth in mammals (Davis
& Mertz, 1987; Hambidge et al., 1986; Hidiroglou, 1979;
Hurley & Keen, 1987). Thus, inadequacies in tissue
concentrations of ETM may contribute to the high in-
cidence of early embryonic mortality in livestock.

Much of the embryonic loss is thought to occur
during that period of corpus luteum (CL) rescue
(Moore, 1985; Wilmut et al., 1986a) termed ‘maternal

recognition of pregnancy’ (Short, 1969). Bazer et al.
(1988, 1991a,b, 1994) extensively reviewed the mecha-
nisms of maternal recognition of pregnancy in food-
producing animals. Briefly, female livestock have uter-
ine-dependent estrous cycles because the luteolysin,
prostaglandin F», (PGF,,), is released from the endo-
metrium, enters the uterine vasculature and causes de-
mise of the CL (Kieborz et al., 1991; McCracken et al.,
1999; Mirando et al., 1996; Goding, 1974). In cyclic fe-
male ruminants, oxytocin is released from the CL and,
to a lesser extent, from the anterior pituitary in a pul-
satile manner and travels through the systemic circula-
tion to the uterus where it binds to its endometrial
receptors to stimulate PGF,, release (Flint & Sheldrick,
1986; Hooper et al., 1986). Pulsatile release of PGFy,
ensues as the endometrium attains responsiveness to
oxytocin through increased endometrial expression of
oxytocin receptors during the late luteal phase (Mirando
et al., 1993b; Stevenson et al., 1994). Through this
mechanism, PGF», is released in a pulsatile fashion with
approximately five pulses in 24 h being required to lyse
the CL (Schramm et al., 1983; Zarco et al., 1988). The
female returns to estrus as progesterone production
from the regressing CL wanes and follicular estrogen
production increases. In pigs, more oxytocin is appar-
ently released from the neurohypophysis than from the
CL (Kotwica et al., 1990), although the endometrium is
probably the most significant source of oxytocin in this
species (Boulton et al., 1996; Trout et al., 1995; Vallet et
al., 1998). Many aspects of luteolysis and pregnancy
recognition differ between pigs and ruminants, although
numerous similarities also exist (McCracken et al., 1999;
Mirando et al., 1996).

In pregnant animals, the signal for maternal recog-
nition of pregnancy results in rescue of the CL such
that progesterone secretion continues and maintains the
uterine environment in a favorable condition to support
embryonic growth and development (Bazer & First,
1983). Pregnancy recognition occurs on approximately
days 12-13 in sheep (Moor & Rowson, 1966; Rowson
& Moor, 1967) and days 15-17 in cattle (Betteridge et
al., 1980; Northey & French, 1980) and goats (Gnatek
et al.,, 1989). In pregnant ruminants, the molecular
signal responsible for maintenance of the CL is inter-
feron-t (Godkin et al., 1982; Martal et al., 1979). In the
pig, the maternal recognition of pregnancy occurs on
days 12-13 (Dhindsa & Dzuik, 1968) and the signal for
pregnancy recognition is estrogen (Bazer & Thatcher,
1977), which is secreted by the conceptuses between
days 10 and 16 of gestation (King & Ackerley, 1985), in
association with a period of dramatic embryo elonga-
tion (Bazer, 1989). Estradiol must be present during
days 11-15 to maintain the CL beyond day 30 of ges-
tation (Geisert et al., 1987).

Because the majority of conceptus loss occurs during
the critical period of pregnancy recognition (Pope,
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1988), it is an important physiological event to study.
Moreover, little is known about the causes of early
embryonic mortality, although nutritional factors have
been implicated as a cause (Ashworth & Antipatis, 2001;
McArdle & Ashworth, 1999; Wilmut et al., 1986a).
Trace minerals may have a direct effect on conceptus
growth and development, thereby influencing their stage
of development relative to that of the uterine environ-
ment and consequently, their survival.

3. Essential trace minerals
3.1. Major functions of ETM

Essential trace minerals are minerals that are required
for normal growth and development of animals; how-
ever, ETM are normally present in minute quantities in
the animal’s body and are required in low concentra-
tions in the diet. Although the nutritional requirements
for these elements are small, these nutrients can greatly
affect reproduction. The list of ETM includes cobalt
(Co), Cu, chromium (Cr), Fe, I, Mn, Se and Zn. Of
these, Cu, I, Mn, Se and Zn seem to have the greatest
impact on reproduction and have been studied most
extensively. In general, trace minerals are required for
synthesis of many proteins and activate a vast array of
enzyme systems. Metalloenzymes, of which ETM are
constituents, are important in bone formation (Leach,
1967), lipid metabolism (Cunnane et al., 1993), glucose
utilization (Jovanovic-Peterson & Peterson, 1996), iron
transport (Raub et al, 1985), DNA synthesis and
transport (Townsend et al., 1994) and free radical me-
tabolism (deHaan et al., 1994). Through one or more of
these mechanisms, ETM may directly affect embryonic
and fetal development.

Essential trace minerals also influence the immune
system (Chandra, 1999; Galyean et al., 1999; Madsen
et al.,, 1991) and once pregnancy is established, con-
ceptus growth may be controlled, in part, by the ma-
ternal immune system. Macrophages, natural killer cells
and T lymphocytes are recruited to the uterus during
early pregnancy in pigs, sheep, mice and humans (Bazer
& Johnson, 1989; Croy et al., 1987, 1988; Keys & King,
1990; Lee et al., 1988; Starkey et al., 1988; ) and it was
proposed that cytokines secreted by these immune cells
stimulate growth of the fetal-placental unit (Bazer &
Johnson, 1989; Starkey et al., 1988). Further, interferon
secretion is initiated by conceptuses of ruminants and
swine at about the time of rapid conceptus morpho-
genesis and elongation (Cross & Roberts, 1989; Imak-
awa et al., 1987; Mirando et al., 1990; Stewart et al.,
1987). Interferons are known to be potent regulators of
cell growth and modulators of immune cell function.
Thus, a deficiency in tissue concentrations of ETM
could alter embryonic growth, signaling for pregnancy

recognition or immune function and, therefore, con-
tribute to the high incidence of early embryonic mor-
tality in livestock.

3.2. Copper

Copper was first shown to be an ETM in 1928 (Hart,
1928). Cu deficiency in ruminants can occur through
either low Cu concentrations in pastures (Saba et al.,
2000) or due to molybdenum and sulfur in the forage
and the formation of thiomolybdates in the rumen re-
sulting in decreased availability of Cu (Grace et al.,
1999; Unny et al., 2002). Enzootic neonatal ataxia in
lambs has been known for many years to be a result of
pregnant ewes grazing on Cu deficient pastures (Ben-
netts & Chapman, 1937). Subsequent studies confirmed
this finding (Smith et al., 1977) and expanded it to in-
clude neonatal ataxia in other species (Joyce, 1955;
O’Sullivan, 1977; Toolan, 1990; Wilkie, 1959). Evidence
indicates that this disorder is caused by low brain Cu
concentrations leading to a deficiency in cytochrome
oxidase in the motor neurons and resulting aplasia of
the myelin surrounding these neurons (Fell et al., 1965;
Keen et al., 1998; Mills & Williams, 1962). In addition to
the effect on neuronal development, Cu-deficient fetuses
and neonates have characteristic cardiac hemorrhages
(Tinker & Rucker, 1985) thought to be a result of de-
creased elastin content and cross-linking integrity be-
cause of reduced lysyl oxidase activity (Rucker et al.,
1998). The decrease in lysyl oxidase activity in Cu-defi-
cient fetuses has been implicated in lung abnormalities
seen in rats (O’Dell et al., 1978), chickens (Harris, 1986)
and rabbits (Abdel Mgeed et al., 1994), but this work
has not yet been conducted in livestock species.

The alterations described above occur in utero but
changes in Cu concentrations in female reproductive
tissues throughout gestation have yet to be fully de-
scribed for all species. Abdelrahman and Kincaid (1993)
quantified Cu levels in fetal tissues at different stages of
pregnancy in cattle, and found that stage of gestation
did not affect Cu concentrations in the fetal liver or
kidney. In contrast, others have determined that there is
an accumulation of Cu by the ovine fetal liver as ges-
tation advances (Grace et al.,, 1986; Langlands et al.,
1982). Gooneratne and Christensen (1989) reported that
Cu concentrations in bovine fetal liver were higher than
maternal liver Cu concentrations. Similarly, concentra-
tions of Cu were substantially greater in conceptus tissue
than in the uterine endometrium or ovary of pigs on
days 12-30 of gestation (Hostetler et al., 2000). These
results may indicate an increased demand for Cu by the
conceptus such that the maternal system shunts Cu to
the developing embryo and fetus.

Copper functions as an activator of enzyme systems
associated with Fe metabolism and is required for nor-
mal hematopoiesis. Ceruloplasmin is a Cu-containing
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(6-7 Cu atoms) enzyme required for oxidation of Fe,
from the ferrous to the ferric state, so that it can be
utilized for erythrocyte formation (McArdle, 1992).
Beguin and co-workers (1985) found that Cu, Fe and
ceruloplasmin activity were significantly decreased in
plasma and liver from pregnant female rats fed 1.3 ppm
vs 11.1 ppm Cu, but they did not measure these factors
in the fetus. A receptor for ceruloplasmin was isolated
from human placental vesicles (Hilton et al., 1995) in-
dicating that Cu is transported within the placenta.
Because uteroferrin, a protein secreted by the endome-
trium of pigs during pregnancy (Raub et al., 1985), was
shown to be active in the transport of ferric Fe to the
conceptus (Raub et al., 1985), it is tempting to speculate
that Cu may play a role in activation of uteroferrin se-
cretion. Copper uptake by trophoblast cells has been
demonstrated using human term placenta (Tong &
McArdle, 1995) and appears to involve a membrane
bound protein that binds ceruloplasmin. The uptake
mechanism for Cu has been characterized for placental
vesicles (Hilton et al., 1995). Copper may be important
in oxidative defense systems as part of superoxide
dismutase (SOD) because rat embryos cultured under
Cu-deficient conditions develop abnormally (Hawk
et al., 1998). It has been suggested that normal rat ges-
tation diets should contain 5ppm Cu (Anonymous,
1977), and typically ranges from 5.3 (Barone et al., 1998)
to 18 ppm (Lewis et al., 1993). Beguin et al. (1985) re-
ported that female rats fed diets containing either 1.3 or
11.1 ppm Cu had comparable numbers of implantation
sites and fetuses appeared normal on day 11 of gesta-
tion; however, some fetuses were necrotic and reab-
sorbed by day 13 in the females fed the low Cu diet.
There have been several reports that feeding high levels
of Cu to sows during lactation can improve weaning
weights and piglet survival (Roos & Easter, 1986;
Thacker, 1991; Wallace et al., 1966). Lillic and Forbish
(1978) fed 15, 30 or 60 ppm Cu to sows through four
gestation-lactation cycles and demonstrated that pig
birth weights, weaning weights and survival to weaning
were increased with increasing Cu concentrations.
Cromwell et al. (1993) reported that sows fed very high
levels of Cu (i.e., 250 ppm) for an extended period of
time had increased litter size. The exact mechanism by
which feeding pharmacological levels of Cu to gestating
sows manifests its beneficial effects on fetal development
and subsequent piglet growth and survival has not been
defined.

3.3. Iodine

Iodine was determined to be an ETM in the early
1900s through work that demonstrated that iodine could
prevent goiter in humans (Merke, 1984). A deficiency of
iodine is characterized by several reproductive problems
in adult females including fetal resorption, abortion,

stillbirths, irregular estrous cycles and suppressed estrus.
The highest concentration of iodine is found in the
thyroid gland where iodinated amino acids link with
other amino acids to form thyroglobulin; the major
storage form of iodine in the gland. While thyroglobulin
represents roughly 90% of the iodine in the thyroid,
iodine is also found as a constituent of thyroxine (T4)
and triiodothyronine (T3). Regulation of these thyroid
hormones occurs through the actions of thyroid releas-
ing hormone, secreted from the hypothalamus, which
enters the portal blood of the anterior pituitary where it
stimulates the synthesis and release of thyroid stimu-
lating hormone (TSH). Under the influence of TSH,
thyroid cells actively transport iodine from the blood
plasma to the colloid space where it is rapidly oxidized
and bound to tyrosyl amino acid residues of thyro-
globulin to form monoiodotyrosine and diiodotyrosine.
Monoiodotyrosine and diiodotyrosine are subsequently
coupled to form T4 and Ts. Taurog (1996) provided a
thorough review of the thyroid hormone biosynthetic
pathway. Thyroxine, the major inhibitor of TSH secre-
tion, provides a negative feedback action at the level of
the anterior pituitary. While T4 is the major secretory
product of the thyroid gland, T3 accounts for the ma-
jority of the biological activity. Most T3 is produced by
the reductive deiodination of the phenolic ring of T4 by
the type I, type II and type III 5'-deiodinase enzymes.
Inactivation of T4 and T3 occurs by deiodination of
iodotyrosines at the tyrosyl ring to yield Ts;. Under low
dietary intake of iodine, T4 is not produced in adequate
quantity to provide this negative feedback and TSH
levels rise, thereby causing the classic symptom of iodine
deficiency, goiter. Under influence of TSH, plasma Tj
levels are maintained during initial iodine deficiency
because of intrathyrodial deiodination of Ty to yield Ts.
Interestingly, the deiodinase enzymes are reported to be
Se-dependent (Arthur et al., 1993; Behne et al., 1990;
Kohrle, 1999) and molecular cloning has revealed the
presence of the UGA base sequence in the 3’-untrans-
lated region that codes for the insertion of selenocysteine
in the context of a hairpin loop common to all Se-con-
taining enzymes (Berry et al., 1991a, 1991b; Buettner
et al., 1998, Kohrle, 1999). Therefore, poor Se nutrition
can exacerbate problems associated with low dietary
iodine intake (Arthur et al., 1990, 1999; Meinhold et al.,
1993). The iodothyronine deiodinases show tissue spec-
ificity with type I located in the thyroid, liver and kidney
and being responsible for production of plasma Tj
(Richard et al., 1998). Local production of T3 is medi-
ated in the brain, pituitary and brown adipose tissue by
type II deiodinase and in the brain, skin, intestine and
placenta by type III deiodinase (Richard et al., 1998).
In addition to the three iodothyronine deiodinases,
selenoperoxidases and the Se-dependent enzyme, thior-
edoxin reductase, help to protect the thyroid gland from
oxidative damage resulting from H,O; produced during
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formation of T4 and T3 (Arthur et al., 1999) providing
another potential mechanism for the interaction be-
tween Se and iodine. The vast majority of investigations
into the effects of combined iodine and Se deficiency
have been conducted in the rat. Few studies in livestock
have been conducted to confirm these findings, however,
Zagrodzki et al. (1998) found that iodine deficient cows
and their calves had increased thyroidal type 1 deio-
dinase and cytosolic glutathione peroxidase activity al-
lowing them to appear clinically normal because of these
compensatory mechanisms in T3 production. Lambs
born of ewes fed diets low in Se but supplemented with
iodine tended to have reduced plasma Tj levels (Donald
et al., 1993; Rock et al., 2001). Decreased plasma Tj
levels were also observed in kid goats from iodine and Se
deficient does even when iodine was supplemented to the
kids after birth (Wichtel et al., 1996). Mee and Rogers
(1996) addressed the practical aspect of iodine and Se
deficiency in beef cattle and determined that, although
iodine and Se deficiency have been associated with
perinatal calf mortality, restoring maternal thyroid
hormone balance through iodine and Se supplementa-
tion did not reduce calf mortality. Much work remains
to be done to determine the effects of combined iodine
and Se deficiency on fetal development in livestock
species.

Todine is supplied to the fetus by two mechanisms.
First, the endometrium concentrates iodine by an active
process during late pregnancy and makes it available for
the fetus (Peterson & Young, 1952). Second, the serum
of the fetus has a specific thyroxine-binding protein that
increases in concentration in late term fetuses (Osorio &
Myant, 1958). This fetal thyroxine-binding protein has a
higher affinity for thyroxine than the thyroxine-binding
protein present in the maternal plasma (Osorio & My-
ant, 1960). Experimental studies indicate that repro-
ductive failure in iodine deficiency is mediated by a
combination of maternal and fetal hypothyroidism
(Burrow et al., 1994; Fisher et al., 1972; Potter et al.,
1982). Mclntosh et al. (1979) reported the effects of io-
dine deficiency on fetal brain development were more
severe when thyroidectomy was performed on fetal
sheep at 50-60 days of gestation. Fetal thyroidectomy
later in gestation (i.e., after day 98) reduced the severity
of the effects of iodine deficiency (McIntosh et al., 1982;
Potter et al., 1986). More recently, several experiments
were conducted in the laboratory of Morreale de Esco-
bar to investigate the importance of maternal thyroid
hormones during fetal brain development. They found
that thyroid hormones from the maternal system are
available to the developing fetus, but after development
of the fetal thyroid, T4 and T3 are of both fetal and
maternal origin (reviewed by Morreale de Escobar et al.,
1993). Additionally, the fetus requires a supply of ma-
ternal T4 to support early brain development (Burrow,
1990; Roti et al., 1983) and this information is compiled

in several excellent reviews (Burrow et al., 1994; Calvo
et al., 2002; Polk, 1995).

3.4. Manganese

Manganese was first classified as an ETM in 1931
(Orent & McCollum, 1931; Waddell et al., 1931). A
deficiency of Mn results in poor growth and impaired
reproduction, which is characterized by testicular atro-
phy in males (Hurley & Doane, 1989), impaired ovula-
tion in females (Wilson, 1952) and small litters of weak,
ataxic piglets (Plumlee et al., 1956).

Transport of Mn is facilitated by op-macroglobulin
and occurs rapidly to all tissues where it is localized in
the mitochondria of the cell (Maynard & Cotzias, 1955).
The tissue most responsive to dietary intake of Mn is
bone, where it is essential for formation of chondroitin
sulfate as a component of mucopolysaccharides in the
matrix of organic bone (Leach, 1967, 1976). Thus, Mn
may play a key role in fetal bone formation during or-
ganogenesis. Several studies have demonstrated that Mn
crosses the placenta to the fetus (Gamble et al., 1971;
Newland & Davis, 1961) and fetal storage of Mn seems
to be dependent on maternal dietary intake (Hansard,
1972; Hostetler et al., 2000; Howes & Dyer, 1971;
Langlands et al., 1982; Rojas et al., 1965). In contrast to
several other trace minerals, the fetus does not prefer-
entially accumulate Mn in the liver during gestation and
fetal liver Mn concentrations tend to be lower than adult
liver Mn concentrations (Meinel et al., 1979). Rate of
fetal accumulation of Mn is estimated to be 0.3 mg/day
between 190 and 270 days of gestation (House & Bell,
1993), which is consistent with the finding that samples
of fetal liver taken at different gestational ages did not
show differences in Mn concentrations (Graham et al.,
1994; Kincaid et al., 1993). Further, Mn levels in porcine
embryos and fetuses were 2- to 12-fold greater than
those in the endometrium or ovary during the first
month of gestation (Hostetler et al., 2000). However, the
mechanism of Mn transfer from the dam to the con-
ceptus has yet to be determined.

One of the three main isozymes of SOD found in
humans is Mn-SOD, which is located in the mitochon-
dria (Weisiger & Fridovich, 1973a, 1973b). Studies with
a fibroblast cell line demonstrated that Mn-SOD pro-
motes cellular differentiation (St. Clair et al., 1994), an
effect that may be extremely important during early fetal
development. In fact, preimplantation bovine embryos
were shown to transcribe and express Mn-SOD under
culture conditions (Lequarre et al., 2001). Other func-
tions attributed to Mn include actions as a cofactor for
an enzyme that converts mevalonic acid to squalene and
stimulates synthesis of cholesterol (Olson, 1965). Squa-
lene is a precursor in steroid hormone production; thus,
Mn may have a role in initiating estradiol secretion by
the conceptus as the signal for pregnancy recognition in
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pigs. Alternatively, Mn may play a role in progesterone
secretion because concentrations of Mn in the CL of
ewes increased between 4 and 11 days (Hidiroglou &
Shearer, 1976) and sub-optimal progesterone concen-
tration has been implicated as a cause of early embry-
onic loss (Wilmut et al., 1986b; Wright et al., 1982).
Moreover, several studies have reported that supple-
mentation of cattle and sheep diets with Mn improved
pregnancy rates (Egan, 1972; Everson et al., 1959; Wil-
son, 1966), although the mechanisms behind the bene-
ficial effects of Mn on reproductive performance have
not been elucidated.

3.5. Selenium

Selenium was first determined to be an ETM by
Schwarz and Foltz (1957) when it was reported that Se
prevented liver necrosis in rats. Subsequently, Muth
et al. (1958) prevented nutritional muscular dystrophy in
lambs by supplementation of Se and Rotruck et al.
(1973) reported that glutathione peroxidase contains Se,
thereby establishing a specific biological function for Se.

Soil concentrations of Se vary greatly depending on
geographical region and this, along with variations in
soil pH, leads to variation in the Se content of animal
feeds grown on these soils (Allaway, 1972). Most ab-
sorption of dietary Se occurs in the small intestine
(Wolffram et al., 1986) from which it is transported to
the liver, kidney and muscle, tissues that contain the
largest amount of Se in the body. Selenium, as seleno-
methionine, can be incorporated nonspecifically into
body proteins; however, Se is present as selenocysteine
in selenoproteins (Behne & Kyriakopoulos, 2001).
Among the most well-known selenoproteins are gluta-
thione peroxidases, deiodinases and thioredoxin reduc-
tases (Allan et al., 1999). Through its association with
these enzymes, Se is involved in the catabolism of per-
oxides generated during lipid oxidation (Burk, 1991).
Thus, Se plays an important role in maintaining the
integrity of the cell and the organelles within the cell,
and may act through this mechanism to protect the early
fetus from mortality due to oxidative damage.

Signs of Se deficiency include nutritional muscular
dystrophy in lambs, poultry, calves and pigs, liver ne-
crosis in rats and pigs, and exudative diathesis in poultry
(Ullrey, 1974). Hill and co-workers (2001) successfully
created fatal myopathy in guinea pigs by feeding the
dams a diet deficient in both Se and vitamin E. Se-re-
sponsive problems include impaired fertility (Segerson
et al., 1977) and abortion (Hedstrom et al., 1986; Taylor
et al, 1979; Yamini & Mullaney, 1985). While many
field studies have reported that poor reproduction in
livestock is improved after Se supplementation (Hartley
& Grant, 1961; Mudd & Mackie, 1973; Scales, 1974;
Vipond, 1984), there are few properly controlled studies
to support these findings (Davies, 1966; Hartley, 1963;

Segerson et al., 1977). Buck et al. (1981) reported a
preferential accumulation of Se in some maternal re-
productive tissues, as well as in the fetal pituitary and
adrenal glands. These fetal tissues are very important in
the induction of parturition and insufficient dietary Se
may impair parturition or other aspects of reproductive
performance. Conception rate in dairy cattle was im-
proved when barium selenate was injected (Taskar et al.,
1987) or given orally as a bolus to beef cattle (Allan
et al., 1993). The improvement in conception rate seen in
some studies but not others (reviewed by Harrison &
Hancock, 1999) may be due to a down-stream effect
resulting from the reduction of retained placenta, re-
duced incidence of metritis and fewer days to insemi-
nation and conception following Se supplementation
(Harrison & Hancock, 1999). Mahan et al. (1974), and
Chavez and Patton (1986) demonstrated an improve-
ment in litter size when Se was supplemented in diets of
gestating sows. In contrast, Se supplementation (0.1-
0.3 ppm) of gilt diets did not alter the number of live-
born pigs (Mahan & Kim, 1996; Mihailovic et al., 1982;
Mutetikka & Mahan, 1993) but did reduce the number
of stillborn pigs (Mihailovic et al., 1982). Kim and
Mahan (2001) fed diets containing up to 10 ppm Se to
gilts and found a decrease in litter size with increasing Se
concentration. However, Poulsen et al. (1989) fed
16ppm Se to sows during gestation and lactation but
failed to detect a decrease in litter size. The discrepancy
in litter size observed in the above studies could arise
from many factors including maternal age, timing and
duration of supplementation, level of Se in the basal
diet, the level of Se supplementation or the source of Se.
Clearly, more work needs to be conducted to fully de-
scribe the effects of Se on pregnancy outcome in the pig,
but a gestation ration containing 0.1-0.3 ppm Se should
be adequate to support normal reproduction.

Placental transfer of Se has been documented for
ruminants (Jacobsson & Oksanen, 1966; Koller et al.,
1984) and dietary supplementation of cows and ewes
during late gestation significantly increases Se in the
newborn (Abdelrahman & Kincaid, 1995; Rock et al.,
2001). The mechanism by which Se crosses the placenta
is reported to be by anion exchange with sulfur (Boyd &
Shennan, 1986; Shennan, 1988). Although this mecha-
nism has not yet been shown to occur in food animals, it
is probably an evolutionarily conserved pathway. Be-
cause many of the Se deficiency cases occur in newborn
animals, either placental transfer of Se is a relatively
inefficient process or the newborn animal has a higher Se
requirement than older animals. Van Saun et al. (1989)
found that the concentration of Se in maternal and fetal
liver, whole blood and serum were highly correlated.
More recently, Abdelrahman and Kincaid (1993) dem-
onstrated that fetal liver concentrations of Se increased
initially and then decreased as gestation advanced.
Gooneratne and Christensen (1989) reported that, in
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general, fetal liver Se concentrations were higher than in
the dam. When pregnant ewes were fed diets low in Se,
not only were Se reserves reduced in the newborn lambs
and the concentration of Se in colostrum reduced, but
the lambs absorbed less 1gG from the colostrum (Rock
et al., 2001). Considerable work remains to elucidate the
role of Se in the development of the fetus and a more
mechanistic approach may yield the best results.

3.6. Zinc

Zinc, established as an ETM in 1934 (Todd et al.,
1934), is found in highest concentrations in liver, bone,
kidney and muscle (Schell & Kornegay, 1996), where it
functions as a constituent of numerous metalloenzymes
(Hambidge et al., 1986). Absorption of Zn, at a rate of
5-40% of dietary intake, occurs in the small intestine,
where Zn is then rapidly distributed to tissues via the
blood (Hambidge et al., 1986). Zinc deficiency is marked
by growth retardation, anorexia, parakeratosis and
hypogonadism (Tucker & Salmon, 1955).

The fetus requires Zn for normal growth and devel-
opment (Vallee & Falchuk, 1993). Additionally, Zn de-
ficiency results in fetal teratogenesis, prolonged
gestation, difficult labor, low birth weight, and weak
offspring (Bedwal & Bahuguna, 1994; Favier, 1992).
Although the specific requirement for Zn during repro-
duction has not been well established, it is probably
higher than for other life stages due to nutrient demand
for fetal growth, stress of parturition and milk synthesis
during lactation (National Research Council, 1998). In
addition, levels of Zn in porcine conceptuses were 1.7- to
8.7-fold greater than those in the endometrium or ovary
between days 12 and 30 of gestation (Hostetler et al.,
2000), which is further indicative of increased uptake
and/or utilization by the developing conceptus. In con-
trast, (Widdowson et al., 1974) reported that human
fetal hepatic Zn stores decreased with gestational age,
whereas Abdelrahman and Kincaid (1993) detected no
change during gestation in cattle. However, neither of
these latter studies examined conceptuses in the early
stages of development when early embryonic mortality
is greatest.

Expression of Cu/Zn-SOD and glutathione peroxi-
dase activity was shown to be elevated in organs of
developing fetuses (deHaan et al., 1994). These enzymes
are active in scavenging free oxygen radicals, thereby
protecting cell membranes from oxidative damage. Zinc
was shown to play a role in the configuration of RNA
and DNA (Chesters, 1978), primarily by formation of
zinc fingers that are essential to the binding of the ste-
roid—-receptor complex to DNA (Freedman, 1992). The
steroid responsive elements on DNA then turn on genes
active in protein synthesis that may be important during
early pregnancy when the conceptus and uterus are
producing proteins, under the influence of gonadal

steroids, that serve as biochemical signals between the
conceptus and dam. Zinc also is an important cofactor
in DNA synthesis and gene transcription (Chesters,
1978, 1991). Zinc is involved in the formation of pro-
staglandins because Zn enzymes control the arachidonic
acid cascade (Chanmugam et al., 1984; Sakuma et al.,
1996, 1999; Wauben et al., 1999). Prostaglandins are
required for maintenance of pregnancy because PGF,,
secretion into the uterine lumen, and away from the
uterine vasculature, is increased in pregnant pigs (Bazer
& Thatcher, 1977) and inhibition of PGF,, synthesis
prevents establishment of pregnancy in mice and swine
(Kraeling et al., 1985; Lau et al., 1973), whereas indo-
methacin-induced blockade of pregnancy in mice is re-
versed by administration of PGF,, (Lau et al., 1973).
Thus, Zn may enhance conceptus development through
its effects on PGF,, synthesis. Prostaglandin Fy, is also
important at parturition to initiate uterine contractions
required for expulsion of the fetus (Thorburn, 1991,
1992).

Another potential pathway for Zn to influence preg-
nancy is by modulating the action of insulin-like growth
factors (IGFs) at the cellular level. Insulin-like growth
factors are known to be potent stimulators of tissue
differentiation and cell proliferation (Zapf & Froesch,
1986). These growth factors are present in high levels
within the uterus of several livestock species during early
pregnancy (Geisert et al., 1991; Ko et al., 1991; Simmen
et al., 1992) and may be important in uterine remodeling
during the time of embryonic implantation (IGF-I) and
fetal development (IGF-II), as well as for conceptus
growth in general. The responsiveness of cells to IGF is
mediated by the type and number of IGF receptors
present on the cell surface (LeRoith et al., 1995) and by
IGF-binding proteins (IGFBP), which are secreted by
cells and inhibit IGF binding to cell surface receptors
(Clemmons et al., 1991). In vitro studies using trans-
formed cell lines have demonstrated that Zn decreases
the binding affinity of IGF to IGFBP (Sackett &
McCusker, 1998) and increases IGF binding affinity for
Type 1 IGF receptors on the cell surface (McCusker
et al., 1998). In addition, IGF-1 levels are lowered
during Zn deficiency (MacDonald, 2000). Therefore, if
more Zn is available, more IGF may be transferred from
IGFBP to cell surface IGF receptors to promote growth
and differentiation. Although the actions of Zn in fetal
growth and development have not yet been defined,
these results may provide one possible mechanism for
the action of Zn during early pregnancy.

3.7. Factors affecting bioavailability of ETM

Bioavailability, as defined by Levander (1983), is a
quantitative measure of the utilization of a nutrient in a
food, meal or diet under specific conditions to support
normal structural and physiological processes occurring
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in the body. Absorption, availability and utilization of
ETM may be limited by many factors including com-
peting ions, valance state of the minerals ingested, pH of
the intestinal contents, ruminal fermentation, chelation
to form insoluble mineral salt complexes, saturation of
mineral transport mechanisms, and limited duration of
retention. Evidence exists that, at least under certain
conditions, organic forms of some trace minerals can
have greater bioavailability than inorganic salt forms.
For example, more Se is absorbed from selenomethio-
nine (selenized yeast) than sodium selenite, resulting in
greater concentrations of Se in blood of newborns and
higher concentrations of Se in colostrum (Awadeh et al.,
1998; Rock et al., 2001) and milk (Knowles et al., 1999).
Similarly, attaching minerals to amino acids and short
peptide chains enhances retention of Cu, Zn and Mn
(Hostetler et al., 2000; Hostetler & Mirando, 1998;
Kegley & Spears, 1994; Mirando et al., 1993a; Smith
et al.,, 1994; Ward et al., 1996; Wright & Spears, 2001;
Wright et al., 2001). Covalent linking of minerals to
amino acids or peptides may provide ETM with multiple
routes for absorption from the intestine. Some absorp-
tion could occur through normal mineral transport
mechanisms. Alternatively, uptake may occur via
transport proteins for amino acids, di-peptides and tri-
peptides, in the intestinal mucosa (Munck, 1981;
Schultz, 1986; Stevens & Wright, 1987; Wolffram et al.,
1989). Additionally, attaching ETM to amino acids or
peptides may also serve to limit the ability of a mineral
to form insoluble complexes with other minerals or di-
etary factors (e.g., phytic acid, thiomolybdates, etc.) in
the digestive tract that render the ETM unavailable to
the animal (Ward et al., 1996).

In contrast to the reports indicating increased bio-
availability of organic ETM, others have found little or
no difference in the bioavailability of organic ETM
compared to inorganic sources (Mahan et al., 1999;
Wedekind et al., 1994; Whitaker et al., 1997; Olson,
1999; Wolter et al., 1999). Wedekind et al. (1994) re-
ported that the general trend in bioavailability of Zn
from different sources was: zinc sulfate > zinc methio-
nine > zinc¢ oxide > zinc lysine. Olson et al. (1999) found
no difference in liver Zn and Mn, but higher Cu con-
centrations in beef cattle fed supra-nutritional levels of
organic ETM compared to those fed an equivalent
amount of inorganic ETM. It was also reported that
organic minerals increased the days to conception dur-
ing the first year but not in the second year of the trial
(Olson et al., 1999). Others reported that feeding organic
Se to pigs has little effect on growth performance or
carcass quality when compared to inorganic sources of
Se (Mahan et al., 1999; Wolter et al., 1999). However,
differences between ruminants and nonruminants in
mineral absorption make comparison across species
very difficult. Furthermore, there is considerable varia-
tion among commercially available trace element prod-

ucts (proteinates, chelates, etc.) and some may be
effective in a particular species and feeding situation,
while others are not (Spears, 1996). Further studies are
required to better define the conditions where feeding
organic trace minerals may improve animal perfor-
mance and to determine the mechanism of action
whereby animal performance is enhanced.

Two studies demonstrated increased bioavailability
of proteinated ETM to the developing fetus in swine.
When only 25% of the dietary Cu, Mn and Zn were
supplemented in the proteinated form (OPTiIMINS;
DuCoa, Highland, IL, USA) with the remaining 75% in
the inorganic salt form, pregnancy rate on day 30 of
gestation was improved (Mirando et al., 1993a). Al-
though ovulation rate and the average number of fetuses
did not differ between pregnant sows receiving protei-
nated ETM or inorganic ETM, the number of live fe-
tuses was greater and mean number of degenerating
fetuses was less on day 30 of gestation for sows fed the
proteinated ETM (Mirando et al., 1993a). These latter
results are indicative of a decrease in the early embry-
onic loss that occurs at a high rate in swine (Pope, 1988,
1992). Subsequently, gilts fed proteinated or inorganic
ETM had a similar number of embryos on day 12 of
gestation, but by day 15, the total mass of embryonic
tissue was approximately 70% greater in gilts fed diets
containing proteinated ETM (Hostetler & Mirando,
1998), although the number of conceptuses was not
specifically determined in that study. Again, ovulation
rate was unaltered. Whether greater total mass of em-
bryonic tissue in gilts fed proteinated ETM represents
more embryos or larger conceptuses may not be par-
ticularly important because it has been reported that
larger, more advanced conceptuses are more likely to
survive (Xie et al., 1990a, 1990b), presumably because of
the reduced asynchrony of development (Pope, 1988;
Pope et al., 1990). Moreover, the onset of a difference in
mass of embryonic tissue between days 12 and 15 is
consistent with the timing of early embryonic mortality
in pigs (Pope, 1988), further indicating that these
changes may be indicative of increased conceptus sur-
vival in pregnant pigs (Hostetler & Mirando, 1998;
Mirando et al., 1993a).

Concentrations of Cu, Mn and Zn were all signifi-
cantly greater in conceptuses collected on day 12 of
pregnancy from pigs fed the proteinated ETM diet
(Hostetler et al., 2000). Moreover, the increases in
conceptus mineral levels were extraordinarily large; Cu
was increased 6-fold, Mn was increased 7-fold, and Zn
was increased 4-fold compared to conceptuses from gilts
that were not fed proteinated ETM. However, by days
15-30 of gestation, only Cu was increased in concep-
tuses of pigs fed the proteinated ETM (Hostetler et al.,
2000). Importantly, the increase on day 12 in ETM in
conceptuses from gilts fed proteinated ETM (Hostetler
et al., 2000) preceded the increase in mass of conceptus
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tissue that was detected on day 15 (Hostetler & Mir-
ando, 1998) and the reduced conceptus death observed
on day 30 (Mirando et al., 1993a). This indicates that
increases in conceptus levels of ETM could have con-
tributed to increased conceptus survival. The high em-
bryonic and fetal levels of Cu, Mn and Zn, compared to
other tissues, are further indicative of the role for ETM
in embryonic and fetal development. While the results
concerning the beneficial effects of proteinated minerals
in swine may be considered somewhat preliminary, there
is ample merit to investigating this practice as a method
for increasing absorption and utilization of ETM in
livestock.

4. Summary and conclusions

The necessity of ETM for support of life is largely
unquestioned; however, their requirement for repro-
duction has not been as extensively studied. Many ex-
periments conducted to investigate the interaction of
reproduction and nutrition utilized the rat as a biolog-
ical model. Thus, much of the information must be ex-
trapolated to livestock species. Additionally, early
research conducted to establish nutritional requirements
for livestock measured the end result (e.g., conception
rate, litter size, birth weight, weaning weight, etc.) but
not the mechanism behind the improvement noted when
minerals are fed above deficiency levels. Mechanisms
whereby conceptus development and fetal survival are
enhanced by ETM have not been investigated. Eluci-
dating these mechanisms will allow for greater im-
provements in production efficiency in commercial
enterprises that produce food animals.
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