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Man has known that iron plays an important role in health and disease for some 
considerable time (Loosli, 1978).  In fact Bryan (1931) stated that documented 
therapeutic uses of iron date back as far as 1500 BC.  However it was not until 
Boussingault (1872) that iron was recognized as a vital nutrient for animals.  Braasch 
(1891) was credited with being the first to describe anemia in nursing pigs that were 
being reared in confinement in Germany.  However, he did not equate the anemia with 
iron deficiency but instead with management.  The first to link anemia in nursing pigs 
with iron deficiency were McGowan and Chrichton (1924).  The first to realize this in the 
United States were Hart et al. (1929) who showed that anemia could be prevented by 
orally supplementing with ferrous or ferric sulfate.  This was after Doyle et al. (1927) had 
unsuccessfully proposed that baby pig anemia was associated with reduced exposure to 
sunlight. 
  
Research into bioavailability of iron in feedstuffs is limited due to the fact that anemia is 
of little significance in other farm species.  Iron deficiency is primarily associated with 
nursing pigs being reared in confinement or animals dependant on milk-based diets.  This 
limits, for practical purposes, the importance of anemia to baby or nursing pigs.  Several 
factors which compound this susceptibility to anemia are: very low iron stores at birth, 
absence of the polycythemia of birth common to other animals, particularly low levels of 
iron in sow=s milk, and very rapid growth rates compared to other species (Underwood, 
1981).  In fact, piglets normally quadruple their birth weight by the time they are three-
weeks-of age.  As mentioned earlier sow=s milk is a very poor source of iron, containing 
only 1 to 3 parts per million (Venn et al., 1947). 
 
The past decade has seen a marked increase in phase feeding of nursery pigs and in the 
utilization of by-product feed ingredients.  Phase feeding is the system of feeding several 
diets over short periods of time to maximize gain and efficiency.  Utilization of by-
product ingredients has increased as the feed industry strives to find palatable, highly 
digestible nutrients which are economically acceptable in animal diets.  Research in the 
area of iron bioavailability for these ingredients has been limited.  However, some 
estimates of iron bioavailability for animal by-products range from 50-60%, with blood 
meals possibly being higher (Conrad et al., 1980).  Hence, there is a need to further 
investigate the bioavailability of iron in by-product ingredients commonly used in swine 
diets. 
 
This thesis will evaluate the iron bioavailability of spray-dried blood cells (SDBC) 
relative to ferrous sulfate in nursery pig diets.  The study will consist of two separate 
hemoglobin (Hb) repletion experiments where hemoglobin repletion will be the criterion 
used in determining bioavailability. 



 



Iron Compounds in the Body 
Iron is a vital component of every living thing.  Bothwell et al. (1958) estimated that a 70 
kilogram adult human has a whole body iron concentration of 60 to 70 parts per million.  
The concentration in the pig at birth is approximately 20 to 30 parts per million (Venn et 
al., 1947).  Of this concentration in the newborn pig, 47% is associated with blood, 1.6% 
is in the spleen, 15% is in liver and the remaining 44% is found in body tissues (Thoren-
Tolling, 1975).  Following the neonatal period around 80% of the iron in the pig is 
associated with hemoglobin (National Research Council, 1979).  The majority of body 
iron is bound to proteins as heme complexes or nonheme complexes.  The most common 
heme complexes are hemoglobin and myoglobin, while common nonheme complexes 
consist of two storage forms, ferritin and hemosiderin, and one transport form, 
transferrin. 
 
Hemoglobin (Hb) has a molecular weight of 68,000 and consists of four atoms of iron.  
Hemoglobin is a tetramer consisting of four globin moieties each containing a heme unit 
bound loosely by noncovalent bonding of iron and the imidazole nitrogen of a histidine 
residue in each protein chain.  The function of hemoglobin is in the transfer of oxygen 
from the lung to the tissues.  Hemoglobin is found in the erythrocytes and makes up 
roughly 90% of the protein found in those cells (Davies, 1961). In a review, Zimmerman 
(1980) stated that hemoglobin accounts for 30% of erythrocyte weight.  Hemoglobin 
synthesis, known as hematopoiesis, is carried on in the bone marrow.  The average life 
span of an erythrocyte in swine is 70 days (Bush et al., 1955; Talbot and Swenson, 1963; 
Jensen et al., 1956; Withrow and Bell, 1969).  
 
Myoglobin differs form hemoglobin in that it contains only one heme group.  The 
molecular weight of myoglobin is 17,000.  Myoglobin constitutes only 3 to 7% of total 
body iron while hemoglobin accounts for about 60% (Hahn et al., 1943).  Myoglobin has 
a much higher affinity for oxygen than that of hemoglobin, this allows for transfer of 
oxygen from oxyhemoglobin to muscle cells (Fruton and Simmonds, 1958).   
 
Ferritin is a nonneme protein and a primary storage form of body iron that can contain up 
to 20% iron.  The iron contained in ferritin is in the form of ferric oxyhydroxide (Munro, 
1977).  Ferritin can be found in all tissues of the body, however it is in high 
concentrations in the liver, spleen, intestinal mucosa and the bone marrow. 
 
Hemosiderin is also a nonheme protein and like ferritin is a storage form of body iron.  
The iron content of hemosiderin can reach 35% primarily as ferric hydroxide (Shoden 
and Sturgeon, 1961).  Hemosiderin is thought to be produced in times of iron overload. 
 
Transferrin is the transport form of body iron and performs the role of regulating iron 
distribution within the body.  Transferrin like ferritin is transported to all parts of the 
body but is primarily transported to the liver, spleen, intestinal mucosa, and bone 
marrow.  In swine, transferrin is dependant upon ceruloplasmin for the oxidation of 
ferrous iron to ferric prior to incorporation into transferrin (Lee et al., 1968; Roeser et al., 
1970).   
 



Iron Absorption 
Iron absorption can occur thoughout the gastrointestinal tract with the two most common 
sites of absorption being the duodenum and jejunum.  The common theory in iron 
absorption, known as the mucosal block theory, is that only enough iron to meet the 
animal=s needs is absorbed (Hahn et al., 1943).  Two of the main determinants of this 
need are iron status and erythropoietic demand.  This theory has been modified since it=s 
initial statement, however it is still believed that only a small amount of the iron a pig 
consumes is actually absorbed.  The basis of this theory is that iron is taken up by the 
mucosal cells in one of three forms, ferrous, ferric or as part of an organic compound.  
Upon absorption ferrous iron is oxidized to the ferric form for incorporation into ferritin.  
As the mucosal cells become saturated with ferritin, absorption ceases until the ferritin 
can be converted to transferritin for removal to the plasma.  This involves reduction of 
the iron in ferritin to the ferrous form where it moves to the cell surface and is oxidized 
before incorporation into transferritin.  As ferritin levels in the mucosal cells diminish, 
iron absorption increases.  Therefore, there is an inverse relationship between mucosal 
ferritin levels and iron absorption.  Iron deficient animals absorb dietary iron into the 
mucosal cells and convert the majority into transferritin while iron adequate animals 
convert only a small portion of the absorbed iron into transferritin for transport in the 
plasma (Conrad and Crosby, 1963).  Callender et al. (1957) modified the mucosal theory 
to suggest that heme iron is directly absorbed into the mucosal cells with the porphyrin 
complex intact. 
 
 
Factors Affecting Iron Absorption and Bioavailability 
There are numerous factors which affect iron absorption and bioavailability such as age, 
iron status, species, dosage level, and other nutrient components of the diet both organic 
and inorganic.  Furugouri and Kawabata (1976) using labeled ferric citrate showed that 
newborn pigs exhibited active absorption of iron up to 180 hours of age.  Furugouri 
(1977) postulated that two mechanisms of active transport assist in iron absorption in the 
neonatal pig, namely endocystosis and absorption of ionic iron across the plasma 
membrane.  Thoren-Tolling (1975) discovered that the neonatal pig is also able to absorb 
iron bound to macromolecules.  Cornelius and Harmon (1973) reported that neonatal pigs 
are able to absorb considerable amounts of iron dextran via pinocytosis.  This confirms 
previous work by Lecce et al. (1961), who proposed that large organic molecules such as 
iron dextran should be absorbed intact by pinocytosis.  However, Miller et al. (1962) 
concluded that intestinal changes occur within 30 hours in nursing pigs preventing 
absorption of these intact macromolecules. 
 
McCance and Widdowson (1937) proposed that efficiency of absorption was due 
primarily to the iron status of the animal.  Bothwell et al. (1958) proposed that the two 
most important factors concerning iron absorption were iron stores and rate of 
erythropoiesis.  This substantiates the mucosal block theory that an animal only absorbs 
what it needs or requires.  Increasing levels of dietary iron lead to higher total amounts 
absorbed, however iron status of the animal is still more influential in determining iron 
absorption (Van Campen, 1974).  Excess iron entering the mucosal cells of iron adequate 



pigs is incorporated in ferritin, only to be lost later in the feces as a product of sloughed 
mucosal cells (Harmon et al., 1974). 
 
Chausow and Czarnecki-Maulden (1988) noted species differences while completing a 
hemoglobin repletion study with beef liver and ferrous sulfate using cats and chicks.  Iron 
in beef liver fed to cats was 350% as available as ferrous sulfate while only 90% as 
available in chicks.  This, however, is not uncommon;  if one looks at bioavailability 
tables there are several differences in bioavailability between species which is illustrated 
by the study of Pfau et al. (1977).  That study showed the bioavailability of hemoglobin 
in pigs to be 50% relative to ferrous sulfate while Amine et al. (1972) derived a value of 
70% using rats and chicks. 
 
Work done with dosage level indicates higher absorption efficiencies with lower dosage 
levels.  Pfau et al. (1977) demonstrated that the absorption efficiency of iron from either 
hemoglobin or ferrous sulfate to have an inverse relationship to dosage level.  As stated 
previously, Van Campen (1974) reported that even though total amount absorbed may 
increase with higher doses, the efficiency of absorption decreases. 
 
The physical or chemical form of iron also influences absorption.  Iron from animal 
sources is more available than that from plant sources (Morris, 1987).  This is due to the 
large proportion of heme iron in the animal sources.  Heme iron is absorbed as an intact 
porphyrin complex whereas nonheme iron must be removed from its protein-bound 
complexes prior to absorption (Morris, 1987).  Raffin et al. (1974) reported that once 
inside the mucosal cell,  mucosal heme oxygenase cleaves the heme from the porphyrin 
ring releasing the iron into the same pathways as that of the nonheme fraction.  Wheby 
and Spyker (1981) concluded this to be the rate limiting step in heme iron absorption 
from work with iron deficient dogs. 
 
Various nutritive and nonnutritive elements within the diet have also been shown to 
affect iron absorption and thus, bioavailability.  Waddell and Sell (1964) illustrated 
decreased iron absorption in chicks associated with increasing dietary concentrations of 
either calcium, phosphorus or both.  Phosphorus has been hypothesized to affect iron 
absorption through the formation of insoluble ferric phosphate and phytate (Underwood, 
1981).  Bradley et al. (1983) illustrated that dietary Cu concentrations in the range of 
120-240 parts per million. led to decreased liver Fe concentrations of 50-60% through 
possible impairment of iron absorption.  Earlier, Gipp et al. (1974) concluded that Cu, 
when fed in diets at 250 parts per million., not only reduced iron absorption but could 
invoke iron-deficient anemia in pigs.  Gubler et al. (1952) however noted that copper 
deficiency also hampered iron absorption.  Another mineral that shows antagonistic 
effects on iron utilization is zinc when supplied in excess levels.  Settlemire and Matrone 
(1967a, 1967b) concluded that zinc impacted iron via two methods; by impairment of 
iron incorporation into ferritin and by decreasing the life span of red blood cells leading 
to increased iron requirements.  Dietary manganese in excessive levels leads to 
reductions in hemoglobin (Baker and Halpin, 1991). 
 



While the aforementioned minerals have been shown to have detrimental effects on iron 
absorption and bioavailability, other nutritive factors have been shown to be beneficial.  
Three of these include the amino acids histidine, lysine and cysteine.  Van Campen and 
Gross (1969) hypothesized that these amino acids form chelates with the ferric iron, thus 
keeping the iron in solution.  These chelates have been identified as tridentate chelates.  
Vitamin C or ascorbic acid also has been shown to have beneficial effects upon iron 
absorption. Greenberg et al. (1957) concluded that iron-deficient rats had increased 
efficiency of absorption of iron when ascorbic acid was given with the iron supplement.  
This work supports previous findings of Moore and Dubach (1951) who reported 
increased food iron absorption in man through addition of ascorbic acid or foods 
containing ascorbic acid.  Van Campen (1972) investigated the effects of histidine and 
ascorbic acid supplementation on iron absorption and concluded that ascorbic acid was 
more effective in increasing iron retention.  This author hypothesized that this was due to 
the ability of ascorbic acid to act as both a reducing agent and a chelating agent.  Rizk 
and Clydesdale (1983) meanwhile noted significant decreases in insoluble iron in soy 
protein isolate following addition of ascorbic acid. 
 
 
Methods of Determining Bioavailability 
Although several methods have been used to measure iron absorption and bioavailability, 
this review will be limited to hemoglobin repletion and use of radioisotopes.  
Hemoglobin as a source for quantifying iron bioavailability has been used since early in 
the 1920's (Mitchell and Schmidt, 1926).  Two factors that make hemoglobin an 
attractive parameter to measure iron bioavailabiltiy are firstly the fact that hemoglobin 
accounts for roughly 60-80% of the body iron, thus making it a sensitive detector of 
differing absorption efficiencies, and secondly the relative ease in carrying out 
hemoglobin determinations.  Within the hemoglobin repletion procedure, two different 
approaches have been used.  Pla and Fritz (1970) used the methodology of supplementing 
an iron deficient diet with graded levels of an iron standard such as ferrous sulfate for 
creation of a standard curve.  Bioavailability of test ingredients would then be determined 
by supplementation of the test ingredient to  the basal diet.  Relative bioavailability 
values were determined through the ratio of hemoglobin gain from the test source to that 
of the standard.  The other common approach used in hemoglobin repletion studies was 
to compare the slope ratios of hemoglobin response from both the test and standard 
sources.  Amine et al. (1972) developed this method in which graded levels of both the 
test sources and the standard were supplemented to a common iron deficient basal diet.  
Advantages of the hemoglobin repletion procedure are that numerous iron sources can be 
evaluated in a relatively short period of time and that it takes into account both absorption 
and utilization of the iron; however, the values derived are relative not absolute.  
  
As stated by Smith (1983),  methodologies utilizing radioactive tracers, especially 
extrinsic tagging,  for the determination of nutrient bioavailability have become the most 
popular due to convenience.  The overriding principle behind intrinsic tagging is that 
when a known quantity of radio-iron is added to the food or test ingredient complete 
isotope exchange occurs.  Formation of a homogenous pool, labeled and nonlabeled, of 
nonheme iron is critical to the resulting bioavailabilities if validity is to be assured 



(Smith, 1983).  The radioactivity is then measured as the response parameter and 
expressed as a percentage of total iron content.  However, in the presence of incomplete 
isotope exchange the values derived from radiotracers can be overestimates (Van 
Campen, 1983). 
 
 
Deficiency Symptoms 
Iron-deficient anemia, termed hypochromic-microcytic anemia is generally associated 
with young, rapidly growing animals deprived of iron in their diet or from their 
environment.  The most common parameter to indicate Fe-deficient anemia is 
hemoglobin concentration.  The National Research Council (1979) created a 
classification system in which pigs could be categorized to the extent of the anemia by 
their hemoglobin concentration, measured in grams/deciliter.  Pigs exhibiting hemoglobin 
levels of ten or above are classified as normal, nine is the minimum level for optimum 
performance, eight indicates borderline anemia, seven is the level in which anemia 
retards growth rate, six is considered severe anemia and four as severe anemia with 
increased mortality.  The first signs of iron-deficient anemia is often roughness of 
haircoat and loss of pigmentation or color of mucous membranes.  The skin can become 
wrinkled and the pigs emit a general listlessness, characterized by drooping of the head 
and ears combined with a loss of appetite.  Iron-deficient anemia was shown to reduce 
weight gains in affected pigs as early as the 1930's (Moe et al., 1935).  In severe cases 
pigs may be characterized or identified by labored breathing, increased heart and 
respiratory rates, and even systolic murmurs due to reduced blood viscosity.  The largest, 
fastest growing pigs are susceptible to sudden death from anoxia.  Affected pigs have a 
higher prevalence for subcutaneous edema in the neck, shoulder and limb areas (Conrad 
et al., 1980).  Osborne and Davis (1968) noted that anemic pigs showed higher 
susceptibility to infectious diseases.  This coincides with later research by Nalder et al. 
(1972) which showed that dietary iron level was directly related to antibody production in 
weanling rats.  Furthermore, Luke and Gordon (1950) showed evidence that anemic pigs 
were more susceptible to pneumonia, influenza and disorders of the alimentary tract.    
 
 
Iron Requirements 
The definition for net requirement of iron (Underwood, 1981) is the sum of the amounts 
laid down in the blood and tissues in the process of growth and the amounts lost in feces, 
urine, sweat, blood loss, at parturition, and in milk and eggs.  The newborn pig contains 
approximately 50 milligram of iron at birth, mostly in the form of hemoglobin (Venn et 
al., 1947).  The neonatal pig has been determined to have a requirement of 7 to 16 
milligram of iron per day for normal growth (Venn et al, 1947).  Another way in which 
this can be expressed is a need of 21 milligram of iron per kilogram of weight gain 
(Braude et al., 1962).  Due to the minimal concentration of iron in sow=s milk (1 
milligram per liter) neonatal pigs reared in confinement require supplemental iron in 
order to overcome the susceptibility to anemia (Brady et al., 1978).  Pigs not 
supplemented with iron while dependent on sows milk quickly develop iron-deficient 
anemia (Venn et al., 1947).  Maximum hemoglobin levels were produced in neonate at 14 
days of age when supplemented with either 100 or 150 milligram of iron dextran at birth 



(Wahlstrom and Juhl, 1960).  Maximum growth rate was acquired through 
supplementation of 100 milligram in the from of injectable iron dextran to pigs weaned at 
three weeks of age (Zimmerman et al., 1959).  Iron requirement as a concentration of diet 
decreases with age and weight due to a decrease in blood volume per unit weight and 
higher iron intakes.  The iron requirements for pigs 1 to 5 and 20 to 50 kilogram live 
weight are 100 and 60 parts per million respectively, which is equivalent to iron intakes 
of 25 and 114 milligram (National Research Council, 1988). 
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