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ABSTRACT

Iron is one of the most abundant elements on Earth, a vital component of every living organism,
and an essential micronutrient for all animal species. The primary source of iron for calves and
other new-born ruminants is milk or a milk replacer, while for adults it is forage. Drinking
water can contain various amounts of Fe ions and can be a source of this element as well.
Systemic iron homeostasis in vertebrates is mostly regulated by hepcidin (HEP), a peptide
synthesized and secreted by hepatocytes. The largest amounts of iron in the body are incorpo-
rated into proteins, mainly haemoglobin and myoglobin. This element participates in several
biochemical processes including blood production, transport of oxygen, energy metabolism
and immune processes. Iron deficiency can result in so-called iron deficiency anaemia, mostly
occurring in young calves due to low iron content in cow’s milk and high demand for this
element by calf's organism. Iron poisoning mostly occurs due to excess iron intake caused
by an inappropriate dose of iron given to animals (injection or per os administration) or acciden-
tal consumption of high doses of supplements. Excess iron intake can cause overload and
damage of internal organs. Oxidation of ferrous iron in haemoglobin can result in methemo-
globinemia and an inability of erythrocytes to carry oxygen. In recent years, scientists have
implicated some questions regarding iron and ruminants that need re-evaluation or further
investigation, e.g. the upper tolerable concentration of Fe in drinking water, the relationship
between inflammation and iron status, serum Fe as an indicator of inflammation, or ferritin
as a predictive factor for iron deficiency anaemia in cattle.
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INTRODUCTION

Microelements, also known as trace elements, trace minerals or micro-
nutrients, are defined as chemical elements required only in small amounts
(Iess than 100 mg kg* of dry matter) by living organisms (YaToo et al. 2013).
They are essential to ensure the physiological course of various biochemical
processes, to maintain human and animal health, and to support an animal’s
growth and productivity. Fifteen elements meet the above criteria: arsenic
(As), chromium(Cr), copper (Cu), cobalt (Co), fluoride (F), iron (Fe), iodine (I),
manganese (Mn), molybdenum (Mo), nickel (Ni) selenium (Se), silicon (Si),
tin (Sn), vanadium (V) and zinc (Zn) (RADWINSKA and ZARCZYNSKA 2014). Iron,
assigned the symbol Fe in the periodic table of elements, with the atomic
number of 26 and atomic weight of 55.847, is not only one of the most abun-
dant elements on Earth (it is the fourth most common element in the Earth’s
crust), but also a vital component of every living organism, and an essential
nutrient for all animal species (Litu et al. 2001).

This element participates in several biochemical processes: blood produc-
tion, transport of oxygen, energy metabolism, immune processes, and many
others. Despite its crucial role in living organism, the excessive iron intake
has harmful effects and induce poisoning symptoms.

The aim of this article is to review current knowledge on the roles
and metabolism of iron in ruminants, consequences of its deficiency and poi-
soning in cattle, and current trends regarding research on this element.

Iron sources

Sufficient iron content in a diet is necessary for the physiological levels
of red blood cells (RBC) and haemoglobin (Hb) — Mo#gI et al. (2010). The iron
requirements for cattle were first established by the NRC in 1971 (WEiss
2017). Age, sex, growth rate and bioavailability of dietary iron source are
factors affecting cattle’s Fe demand (HEIDARPOUR Bawmi et al. 2008, PropaNovic
et al. 2014). Iron requirements for calves are estimated to be around 100
ppm and it is generally believed that young cattle need more iron than
mature animals (VOLKER, RoTERMUND 2000).

The primary source of iron for calves and other new-born ruminants
1s milk or a milk replacer. Since dairy milk contains rather low amounts
of iron, calves are susceptible to the occurrence of iron deficiency.

The basic and the most important source of minerals for adult rumi-
nants 1s forage. Several factors related to the soil and plants determine
mineral composition of forages. The most important ones are the mineral
composition of soil, bioavailability of each element, soil pH, moisture, plant
species, and stage of maturity (Gupra et al. 2008, MARIJANUSIC et al. 2017).
According to MARIJANUSIC et al. (2017), iron deficiency in soils has become
an unsolved global problem in recent years. However, forages used in rumi-
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nant diet are usually rich in Fe, for example alfalfa contains 300 mg kg
of DM, corn gluten feed — 400 mg kg' of DM, dried distillers grains with
solubles — 600 mg kg'! of DM, soyhulls — 600 mg kg! of DM (KERR et al.
2008).

Drinking water can contain various amounts of Fe ions, mainly in the
form of ferrous ion (Fe?*). GENTHER and BEEDE (2013) point to D. K. Beede’s
personal observation that drinking water may negatively affect the cow’s
health and milk production when Fe concentrations are equal or greater
than 2 mg I''. It may be related to the changes in Fe or antioxidant status
and oxidative stress, or reduced water intake resulting from reduction
in water palatability. The current recommendations for Fe concentration in
drinking water for cattle (up to 0.3 mg 1Y) are based on guidelines for human
palatability (WHO 2006, GENTHER, BEEDE 2013). However, the upper tolerable
concentration of Fe in drinking water for cattle are suggested to be re-evaluated
due to the observation that total recoverable Fe concentration of 4 mg 1 did
not negatively affect the drinking water preference of lactating dairy cows in
comparison to water containing no supplemental Fe (GENTHER, BEEDE 2013).
Re-evaluation of the parameters of drinking water for cows (mostly regarding
Fe) is undoubtedly interesting from scientific point of view. In practice,
such re-evaluation seems to make sense only in cases of really bad quality
of water or when only water rich in Fe is available to livestock (when the
dose of iron in water would negatively affect drinking water preference
of lactating dairy cows), since water cannot be treated as a primary iron
source for cattle.

Iron status in ruminant’s organism

The iron homeostasis in the body is complex and could be divided into
intake, transport, utilization, storage and excretion.

Normally, iron is poorly absorbed from most diets (5%-15%), but its
absorption can double in states of iron deficiency. The amount of dietary iron
that is absorbed from the gastrointestinal tract is usually determined
by individual factors (animal’s age, iron status, and health) and is inversely
related to serum ferritin concentrations. Other factors that influence iron
absorption include the environment of the gastrointestinal tract, chemical
form and amount of iron, other components of the diet which can enhance
or reduce intestinal Fe absorption. Two proteins present in the duodenum
play an important role in modulation of Fe absorption, i.e. the cellular
Fe importer, which is divalent metal transporter 1 (DMT1), and the cellular Fe
exporter, that is ferroportin (FPN) — HANSEN et al. (2010).

Once absorbed, the body retains iron unless bleeding occurs. The largest
amount of iron in the body is incorporated into proteins, mainly haemoglobin
and myoglobin. Serum iron is primarily bound to transferrin and secondarily
to ferritin. KNowLES et al. (2000) and EcLI and BLum (1998) stated that serum
iron levels in calves were lower than in adult cows. Such differences might
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be associated with the fact that growing calves have large demand for iron
due to their growth, increasing body weight, blood production (haemoglobin
and erythrocyte production), while obtaining an insufficient amount of iron
with feed (whole milk or a milk replacer without additional iron).

Milk iron is bound to lactoferrin. Apart from previously mentioned
proteins, iron in the body is also bound to hemosiderin (up to 35% of iron)
and ferritin (up to 20% of iron), mainly concentrated in the bone marrow,
liver and spleen.

Systemic iron homeostasis in vertebrates is mostly regulated by hepcidin
(HEP), a peptide, which freely circulates in the blood, weakly binds to albu-
mins and a2-macroglobulin and is filtrated in kidneys (PEsLova et al. 2009,
ITkoNEN et al. 2012). The process of iron release from cells is regulated
by HEP, by its interaction with a transmembrane protein called ferroportin.
Hepcidin is synthesized and secreted by hepatocytes, but it can also be found
in other tissues and organs, e.g. lungs, kidneys, skeletal muscles (MICHELS
et al. 2015, BasBucaN et al. 2019). Its production depends on the amount
of iron in the body, namely it increases when iron storage in the body is ele-
vated or sufficient, but decreases when iron storage in the body is low
(e.g. during, hypoxia and anaemia). In the last two years, studies on hepcidin
in cattle have opened some new research perspectives. BAsBucaN et al. (2019)
studied the relation between hematologic parameters and hepcidin levels
in cattle with theileriosis and concluded that the determination of hepcidin
levels in cattle with theileriosis may be useful in a diagnosis, treatment
decisions and prognosis. Rajamanickam et al. (2020) in their study on the
influence of hepcidin on iron homeostasis during the last trimester of gesta-
tion in Bos indicus stated that that an increase in hepcidin reduces during
pregnancy the maternal serum iron, as well as being a biomarker for iron
bioavailability to the developing foetus. These matters demand more
in-depth research and a growing interest in the research on hepcidin in cat-
tle can be expected.

Lactoferrin is a multifunctional protein, which was first isolated in 1939
from bovine milk (SORENSEN, SORENSEN 1940). Lactoferrin is capable of bind-
ing to two ferric ions (Fe®) together with two CO,* anions, creating very
close but reversible bonds. The ferric ion binds to lactoferrin at basic pH
and dissociates at acidic pH (Rastoci et al. 2016) Iron saturation determines
the form of lactoferrin: apolactoferrin is iron-free, a monoferric form contains
one ferric ion, and hololactoferrin contains two ions (STEIINS, VAN HoOIJDONK
2000).

The body treats Fe very frugally. Hem from nonviable erythrocytes
is broken down in the liver, spleen and bone marrow, and the iron released
in this process is recycled for further use.



1179

Functions of iron in the ruminant’s organism - the role of iron
in inflammatory response

Inflammation is a complex, acute or chronic response to injurious factors
affecting cells or tissues (BAYDAR, DaBAK 2014). Despite the fact that most
frequently used inflammation indicators in cattle are WBC (white blood cell
count) and APPs (acute phase proteins), e.g. alpha (1)-acid glycoprotein,
haptoglobin (Hp), lipopolysaccharide binding protein, serum amyloid A
(SAA), and transferrin, some researchers have demonstrated that the serum
Fe concentration could also be used as an indicator of acute inflammation
in humans and some animal species, including cats, dogs and horses
(NEUMANN 2003, Borges et al. 2007, CECILIANI et al. 2012, IDOATE et. al. 2015).
This issue in cattle requires more in-depth research but might bring some
valuable contribution to veterinary practice.

Many microbials, when attacking the host, have a high demand for Fe,
which is essential for bacterial virulence and replication (Ma et al. 2015).
In response, the host lowers the serum Fe concentration in order to make
this element unavailable to the invading microorganisms. BAYDAR and DaBAK
(2014) concluded that determination of the serum Fe concentration
in conjunction with other parameters, i.e. WBC and APPs, could be a useful
diagnostic measure for acute inflammation in cattle and the assessment
of a herd’s health, since the serum Fe concentration may reflect the
body’s inflammatory response, for instance it decreases in acute traumatic
reticuloperitonitis and mastitis (ERSKINE et al. 1993, BAYDAR, DaBAK 2014).
According to TsukaNo et. al. (2019), a decrease in the serum Fe concentration
may also be a useful inflammation marker, especially in cases of non-infec-
tious inflammation, e.g. in young cattle after dehorning. Even though
the serum Fe concentration is a cheap and easily performed test, further
investigation into the relationship between inflammation and iron status,
in particular the expression of hepcidin, responsible for Fe homeostasis,
is needed.

Functions of iron in the ruminant’s organism — the role of iron
in oxidative stress

Some metals demonstrating toxic effects share one common feature, that
is they can induce oxidative stress. Iron alongside copper participates in the
Fenton reaction, which is the production of hydroxyl radicals from hydrogen
peroxide, and in other reactions leading to the formation of other reactive
oxygen species (ROS). Accumulation of ROS can contribute to substantial
damage of mammalian tissues.

During increased metabolic demands, e.g. during the transition period
between gestation and lactation in dairy cows, there is a considerable increase
in oxygen requirements, which results in enhanced ROS production. Dietary
changes during the transition period and infectious diseases can facilitate
the release of Fe for the ROS-generating Fenton reaction. Despite the fact
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that free Fe is effectively sequestered by various metal-binding proteins
under physiological conditions (KakHLON, CaBANTCHIK 2002), an imbalance
between increased production of ROS and the availability of antioxidant
defences needed to reduce ROS accumulation during the periparturient period
may expose dairy cows to increased oxidative stress (SORDILLO, AITKEN 2009).
There is an established relationship between the loss in antioxidant potential
and the physiological changes associated with parturition in dairy cows
(BErNABUCCI et al. 2005, CAsTILLO et al. 2005).

Transition cows are not the only ones susceptible to the negative conse-
quences of oxidative stress. RAJABIAN et al. (2017) in their study on the rela-
tionship between oxidative stress, haematology and iron profile in anaemic
and non-anaemic calves concluded that iron insufficiency could be linked
to the impairment of antioxidant defence systems in the neonatal calves,
and defective antioxidant capacity may induce oxidative damage of their
erythrocytes.

Iron deficiency anaemia

Calves in the early stages of life are most susceptible to iron deficiency
because dairy milk contains quite small amounts of iron. However, neonates
do have some iron reserves in their body. ATYABY et al. (2006) reported that
new-born calves before drinking the colostrum had similar blood iron levels
as their mothers. Those levels subsequently began to drop after 24 hours.
Since iron is necessary for bacterial development, low iron content in milk
could be considered as a protective mechanism against bacterial infections
in calves (MESSENGER, BArRcLAY 1983), nevertheless iron deficiency is associa-
ted with increased infection rates, reduced growth, and loss of appetite
(MongrI et al. 2010).

Iron deficiency anaemia cannot be solely associated with the low iron
content in bovine milk. New-born animals are particularly susceptible to the
occurrence of anaemia, but nutritional causes of iron deficiency anaemia
occur more often in humans. Other factors that contribute to iron deficiency
are bleeding gastrointestinal ulcers (causing chronic blood loss), infestation
with bloodsucking parasites, haemorrhagic diseases, and malnutrition (RAMIN
et al. 2012). According to the study by WALDNER and BrLAKLEY (2014), calves
from heifers had lower liver iron concentrations (105 ppm) than calves from
older cows (165 ppm).

Iron reservoirs deplete in three stages in the development of iron defi-
ciency. At the beginning, the serum iron remains constant, while the iron
storage in the bone marrow, liver and spleen decreases in parallel to a decrease
in the serum ferritin. Then, lowering of the serum iron level occurs. The last
stage is the development of anaemia (typically, microcytotic and hypochromic
anaemia). A decreasing trend in values of haemoglobin (HGB) and haemato-
crit (HCT) due to iron deficiency has also been reported in neonatal calves
during the first weeks of life (KurtocLu et al. 2003, MoHrI et al. 2007).
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In differentiational diagnosis, deficiencies of copper and selenium should
be taken into consideration (HErDT, HOFF 2011).

Traditionally, iron deficiency anaemia in cattle is diagnosed based
on RBC, HGB, HCT and serum iron levels. Recent preliminary study
by JoERLING and DoLL (2019) point out that the serum ferritin may be a use-
ful diagnostic tool in the diagnosis of iron deficiency anaemia in calves.
However, this issue in cattle needs additional trials and validation of refe-
rence values since the serum ferritin may be increased due to mastitis and
metritis (FURUGOURI et al. 1982).

The most common way to treat and/or prevent iron deficiency anaemia
1s iron supplementation, e.g. by supplying a milk replacer with higher doses
of iron to young calves, feed additives with higher iron content to adults,
and injectable iron. However, since too much iron can cause poisoning, any
supplementation should be cautious and monitored.

Iron toxicity

Iron poisoning mostly occurs due to excess iron intake caused by an
inappropriate dose of iron given to animals (injection or per os administra-
tion) or accidental consumption of high doses of supplements. The chemical
form of iron affects its absorption and can play an important role in the
development of iron poisoning. Water soluble iron (ferrous compounds,
1.e. ferrous chloride, ferrous sulphide, ferrous carbonate) are more bioavail-
able than ferric ones.

Acute iron poisoning occurs in calves after administration of a high dose
of iron during the first days of life. This can manifest by sudden death shortly
after an iron injection or severe depression and coma preceding death.

According to JENKINS and HipirocLou (1987), a dose of 2000 ppm of iron
in the form of sulphate fed in a milk replacer for 6 weeks did not cause any
signs of chronic iron poisoning in calves without the fully developed rumen.
A dose of 5000 ppm of iron caused signs of chronic iron poisoning, such
as reduced weight gains, dry matter intake and digestibility of dry matter
and protein. THoMPSON et al. (1991) addressed the issue of chronic iron poi-
soning in adult cattle and concluded that subsequent administration of ferric
iron at doses of 15, 30 and 60 g per day for 10 days could cause a decrease
in bodyweight, milk production and milk fat.

Excess iron intake affects the cow’s health mainly due to the inter-
ference with the absorption of other minerals and the formation of an oxida-
tion environment (HANSEN et al. 2010). When the dose of iron is excessive,
the binding capacity of transferrin, the protein that carries iron in the serum,
is exceeded and the serum iron concentration increases rapidly.

Excessive iron in a cow’s diet can lead to decreased immunity and
increased cases of bacterial infections, mastitis and retention of foetal mem-
branes. Even though negative changes in the health status of a dairy cow
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immediately depresses milk production and alter milk composition, the effect
of iron-induced oxidative stress on milk protein synthesis in lactating dairy
cows has not been fully studied (WanG et al. 2016). Excess dietary Fe can
also negatively affect the intestinal environment by causing damage to the
intestinal epithelium in calves. HANSEN et al. (2010) hypothesized that
the mechanism of epithelium injury induced by high levels of Fe could be
due to oxidative damage and subsequent lipid peroxidation, but the exact
mechanism remains unknown.

Many studies conducted on laboratory animals demonstrate that exces-
sive iron accumulation in the brain and disturbances in iron homeostasis
play an important role in neurodegenerative diseases. Even though there are
many neurodegenerations in cattle, they are often not diagnosed and are not
such an important matter in ruminants as they are in humans (Ztcca et al.
2004, WARD et al. 2014).

CONCLUSIONS

To conclude, iron is essential for cows. Since dairy milk contains quite
small amounts of iron and forages used in adult ruminant diet are usually
rich in Fe, calves are more susceptible to the occurrence of iron deficiency
anaemia than mature cows. In recent years, scientists have implicated
several issues regarding iron and ruminants that need further investigation
or re-evaluation, e.g. the upper tolerable concentration of Fe in drinking
water for cattle, the relationship between inflammation and iron status
(hepcidin expression), serum Fe as an indicator of inflammation or ferritin
as a predictive factor for iron deficiency anaemia in cattle.
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