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Abstract. Hemochromatosis is a metabolic disease associated with excessive iron storage in
the body. At present, we distinguish between 5 types of this disease that differ in their genetic
background and inheritance, as well as the frequency of occurrence. Due to the possibility of
fatalities, excessive iron storage is a more serious disorder than its deficiency. In this disease,
iron is accumulated in the body in the form of hemosiderin, a protein complex that store iron in
cells. The occurrence of this disease was observed not only in humans, but also in other animal
species such as the red deer, black rhinoceros, house mouse or domestic cattle. This article is a
review of the current state of knowledge about hemochromatosis in humans, normal iron
metabolism, and about the occurrence of this disease in the red deer and its impact on the
biology and population of this species.
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INTRODUCTION

Iron is one of the most important trace elements necessary for the proper functioning of
living organisms. Hemochromatosis is a metabolic disease associated with excessive
accumulation of this element in the body. Due to the possibility of fatalities, excessive iron
storage is a more serious disorder than its deficiency. In hemochromatosis, iron is
accumulated in the body in the form of hemosiderin, a protein complex that store iron in cells.
There are two forms of hemochromatosis, i.e. a primary form, otherwise known as inherited
or hereditary, which is characterized by abnormal functioning of the system of iron removal
from the body and a secondary form in which erythrocytes and liver cells release too much
iron ions, which then accumulate in the tissues of the body (Korzeniowska et al. 2012). Iron
is deposited in many organs, including lungs, kidneys, heart, pancreas, endocrine glands, but
mainly in bone marrow and liver.

NORMAL IRON METABOLISM
In healthy individuals with undisturbed iron deposition its metabolism begins at the stage

of its transport and absorption into the blood. Absorption takes place primarily in the
duodenum and is strictly controlled by the hormonal balance of the body. The apical
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endocytes located in the upper part of the intestinal villi are responsible for iron absorption
and are characterized by the presence of two sets of proteins: transporting and regulating the
oxidation state of iron ions. The absorption process itself is a complex one, for it requires
a double change in the oxidation state of ions and their transporting by two opposite enterocyte
membranes: apical, facing the duodenum and basolateral, contacting the blood vessels of
the body. On the apical membrane of enterocyte there is duodenal cytochrome b (DCYTB),
which function is reduction of Fe3* ions to the Fe?* form. In this form iron can be transported
inside the enterocyte by the divalent metal transporter 1 — DMT1 protein (Zabielski 2005;
Lipinski et al. 2014). After penetration into enterocytes iron ions bind with apoferrin at its
active site, and this causes its transformation into ferritin, which plays important role in the
process of iron absorption (Chmielnicka 2012). This protein stores iron ions and also acts as
a buffer protein i.e. regulates the level of iron ions taken from the duodenum, penetrating into
the so-called labile iron pool (LIP) in the cytoplasm (Zabielski 2005). Iron is then transported
to blood vessels using ferroportin, which interacts with the basal-lateral, copper-dependent
ferrooxidase, known as hephaestin, which oxidizes iron ions to Fe3* form, in which they can
form stable complexes with transferrin (Lipinski et al. 2014).

Regulation of ferritin expression takes place at the level of translation, with participation of
iron-sulphur regulatory protein — IRP1. Homeostasis between the iron level in LIP and the
level of ferritin expression is regulated by the LIP-IRP1-Ft-LIP feedback. Additionally, a protein
called hepcidin (HAMP) synthesized in hepatocytes and released into the bloodstream is
involved in inhibition of iron absorption from the gastrointestinal tract (Zabielski 2005).
Although ferritin is found in all cells of the body, iron is used primarily from the ferritin of cells
belonging to the reticuloendothelial system of the liver, spleen, bone marrow, as well as iron
accumulated in ferritin from hepatocytes. Iron that separates from ferritin via oxidation-
reduction goes to plasma and oxidizes to Fe3* ions that can bind with transferrin. A single
molecule of this glycoprotein is able to bind two Fe®* ions; in a healthy subject only 1/3 of the
circulating blood transferrin is saturated with iron. It distributes iron to bone marrow, liver or
muscle and also to other tissues. The transferrin-iron complex is bound by erythroblasts
containing transferrin-specific receptors on their surface. In the bone marrow, after binding
with the receptor, endocytosis of the whole compound to the lysosomes occurs, then the
detached iron is bound to cell mitochondria and apotransferrin is released outside the cell
into circulation.

There is a reduction in the oxidation state of iron and in the form of Fe?* it binds to
protoporphyrin IX via ferrochelatase in the inner chambers of the mitochondria, leading to the
formation of haem. Haem binds with globulin through coordination bonds of the iron and
forms haemoglobin. In erythrocytes, iron ions can bind not only to ferritin, but also to
hemosiderin, which is a product of ferritin degradation. The iron-hemosiderin complex is
characterized by a slower release of iron than when it is combined with ferritin; therefore iron
stored in this way is called the inactive pool, which is deposited in the liver, spleen and bone
marrow. Iron from broken erythrocytes gets into erythroblasts, and a number of iron-filled
enterocytes are exfoliated into the intestinal lumen from where iron is expelled from the body
(Chmielnicka 2012).



Genetic background and effects... 47

HEMOCHROMATOSIS IN HUMANS

This disease was first described in man in 1865 when the symptom triad characteristic for
its occurrence was indicated. The name of the disease itself was used for the first time in
1889 and in 1935 it was suggested to be inherited (Pietrangelo et al. 1995). However, it was
not until 1977 that the mode of its inheritance was determined (Simon et al. 1997). Congenital
hemochromatosis is considered the most common metabolic disorder and its occurrence is
estimated at 3-8 cases per 1.000 individuals of the Caucasian population in which it occurs
most often (Edwards et al. 1988; Phatak et al. 1998; Sikorska et al. 2006). The main causes
of the secondary pathological deposition of iron, i.e. secondary hemochromatosis, are
anemia and excessive supply of this element (Derc et al. 2001; Raszeja-Wyszomirska et al.
2008; Korzeniewska et al. 2012; Kulej et al. 2012). Originally, the genetic background of
human congenital hemochromatosis was considered a mutation of the HFE gene encoding
human hemochromatosis protein. In humans the gene is located on chromosome 6 (6922.2),
and the abbreviation HFE is derived from the words High Iron Fe. The protein encoded by
the HFE gene is a membrane protein similar to MHC class | proteins and binding to
B-2 microglobulin (32M). This protein is thought to regulate the uptake of circulating iron by
regulating the interaction of the transferrin receptor with transferrin (NCBI, 2018). The highest
expression of this gene has been observed so far in tissues such as: brain (mainly nerve
cells), appendix (mainly glandular cells), heart (myocytes), rectum (mainly glandular cells)
and fallopian tube (glandular cells), while its expression was not detected in bone marrow
and smooth muscles.

Other tissues and organs are characterized by medium or low levels of expression of the
HFE gene (The Human Protein Atlas 2018). The protein is located primarily in the membrane
surrounding cell nucleus and mitochondria (The Human Protein Atlas 2018).

The HFE protein is made up of 343 amino acids, which consists of several components:
the signal peptide, which is the initial part of the protein, the extracellular region of the
transferrin receptor binding (a1 and a2), the immunoglobulin-like part (a3), the transmembrane
region anchoring the protein in the membrane and a short cytoplasmic tail (Feder et al. 1996;
The Human Protein Atlas 2018).

Hereditary hemochromatosis (iron storage disorder — HHC) is an autosomal recessive
disorder, caused by the p.C282Y or p.H63D mutation. In addition, at least 42 mutations in the
introns and exons of the HFE gene have been found in hemochromatosis patients or
members of their families (Merryweather-Clarke et al. 1997; Merryweather-Clarke et al. 2000;
NIH 2014). Mice with the knockout HFE (Hfe - / -) gene both in exon 1 and 2 and 3, as well
as mice with the C282Y mutation were characterized by the same symptoms as those
observed in people with hemochromatosis (Zhou et al. 1998; Bahram et al. 1999; Levy et al. 1999).

Previous studies have identified several types of congenital hemochromatosis with diverse
genetic background (Table 1) — Sikorska et al. (2006). At present, only different types of
hemochormatosis have been isolated in humans and their genetic background has been
recognized. This information is a guide to selecting candidate genes associated with this
disease in other mammalian species.
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Table 1. Description of individual types of congenital hemochromatosis in humans

Hemochromatosis . Inheritance mode Mutation
Mutant gene Gene location
type frequency
1 HFE 6p22 autosomal recessive common
2A (juvenile) HJV 1921 autosomal recessive rare
2B (juvenile) HAMP 19913 autosomal recessive extremely rare
3 TFR2 7922 autosomal recessive rare
4 (ferroportin disease) SLC40A1 2932 autosomal dominant rare

Source: Sikorska et al. (2006), modified.

It is assumed that the most important factor regulating iron metabolism in human body is
the hepcidin (a peptide synthesized in the liver) and ferroportin (a specific receptor that is
responsible for the release of iron from cells) system (Ganz 2003; Robson 2004). All known
types of congenital hemochromatosis are caused by dysfunctions in this system. Type 1
disease, associated with the mutation of the HFE gene and type 2A, associated with the
mutation of the HJV gene encoding hemojuvelin, involved in the regulation of hepcidin
expression, are characterized by inadequate low expression of the latter (Lanzara et al. 2004).
Type 2B is characterized by disorders of hepcidin peptide synthesis due to the mutation of
the HAMP gene encoding it (Roetto et al. 2003). In type 3, the disorder of the mechanism
regulating iron metabolism is based on disturbances in the hepcidin synthesis by inactivating
its modulator — TfR2 transferrin receptor (Nemeth et al. 2005). Type 4 hemochromatosis is
associated with the mutation of the ferroportin gene, i.e. iron transporting protein, which is
undergoing hepcidin-inhibiting effects (Knutson et al. 2005). Some of the mutations in the
SLC40A1 gene lead to inactivation of the iron ions transporter, while others suppress
sensitivity of ferroportin to the inhibitory effect of hepcidin (Drakesmith et al. 2005).

CONSEQUENCES OF EXCESSIVE IRON ACCUMULATION

An excessive accumulation of iron is a pathological condition that is even more dangerous
than a deficiency of this element, since it can eventually lead to the death of the individual.
However, the basic effects of excessive accumulation of iron in body tissues include
excessive production of reactive oxygen radicals, due to the high oxidative/reductive
potential of iron. Damage caused by hemochromatosis will primarily concern the liver, which
is the main storage place of iron in cases of elevated levels of this element in the blood.
Accumulation of iron in hepatocytes, exceeding the capacity of these cells to safely store this
element, contributes to an increase in the level of free radicals, while limiting the ability of
hepatocytes to utilize them. As a result of oxidative stress developing in hepatocytes,
damage to cell membranes, development of degenerative changes and, consequently, cell
death caused by progressive mechanism of necrosis or apoptosis occur (Pietrangelo et al.
1995; Videla et al. 2003; Sikorska 2014). Activation of these processes leads to the
activation of hepatic sinus macrophages and then to the release of proinflammatory
cytokines, such as TNFa, IL-1, IL-10 or IFN-y, growth factors — TGFB1 and recruitment of
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lymphocytic cells that form inflammatory infiltrates (Bacon and Britton 1990). As a consequence
of inflammatory reaction, stellate cells are activated, together with intense synthesis of
extracellular matrix molecules, which gives rise to progressive fibrosis and pathological
remodelling of the organ structure (Reeves and Friedman 2002). The risk of progression of
liver fibrosis and the development of cirrhosis increases with the duration of exposure to
elevated iron concentrations (Hibscher 2003). In the terminal stage of hemochromatosis,
symptoms of liver failure appear. In addition, excessive iron levels are significantly correlated
with an increased risk of hepatocellular carcinoma (HCC) — Ko et al. (2007). Excessive iron
accumulation also affects other organs, not only the liver. It leads to destruction of the
glandular structure of the pancreas, resulting in disorders of insulin secretion and
development of diabetes. In all types of untreated hemochromatosis, and especially fast in
juvenile hemochromatosis, cardiovascular system symptoms develop, eventually leading to
cardiomyopathy. Endocrine glands and joint damage can also occur (Sikorska 2014).

Previous studies have shown relationship between the occurrence of hemochromatosis
and dysfunctions of organs other than the liver. Some of the earliest literature reports
describe the occurrence of fibrosis and other tissue damage in patients diagnosed with
hemochromatosis, as well as the occurrence of numerous endocrine disorders, e.g.
hypogonadism (James 1964; lyer et al. 1981).

Hypogonadism is considered one of the most common endocrine abnormalities in men
with hemochromatosis (Simon et al. 1972; Bezwoda et al. 1977; Kelly et al. 1984; Siemons
and Mahler 1987), whereas in post-menopausal women the disease is rarely associated with
either premature ovarian failure or subnormal levels of pituitary gonadotropins (Bezwoda
et al. 1977; Altman et al. 1980; Kelly et al. 1984).

It is believed that excessive iron deposition may result in gonadal insufficiency by
damaging Leydig cells that produce testosterone or gonadotropin-producing pituitary
gonadotrophs that secrete follicle-stimulating hormone and luteinizing hormone.
Hypogonadism most often results from abnormal functioning of the central system (pituitary
gland or hypothalamus), but the gonadal defect with the pituitary function preserved was
described (Kelly et al. 1984).

The occurrence of this disease was connected with disorders of the circulatory system
(James 1964). A study by James (1964) showed that in five patients with hemochromatosis
iron deposition was associated with tissue damage in the atrioventricular node but not in the
sinus node (at the same time as the sinus node). However, it is difficult to say which of these
disorders are primary and which are secondary. Previous studies show that some of them
may be secondary and may result from damage to the liver or other tissues due to excessive
iron deposition, or may be a direct result of its accumulation (Diamond et al. 1989).

HEMOCHROMATOSIS IN THE RED DEER

In 2011, research was carried out on 6 specimens of the red deer (Cervus elaphus)
affected by hemochromatosis. The research was aimed, among others, at understanding the
genetic basis of this disease. The red deer HFE gene is characterized by 96% nucleotide
sequence homology and 96% amino acid sequence homology in comparison to the Bos
taurus HFE gene and 82% homology to the nucleotide sequence in comparison to the black
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rhinoceros, 77% compared to the human sequence and 69% compared to the mouse
sequence. No mutations present in humans and related to the occurrence of hemochromatosis
were found in the studied subjects. In addition, the p.S88T polymorphism found in the black
rhinoceros, which allows individuals to adapt to low levels of iron in their diet, has not been
identified. However, two differences — A/T72V and V214A — were identified in the sequence
of the HFE gene in the deer compared to the HFE gene sequence in human and cattle. The
first one is located in the domain of the HFE protein; therefore it may have an effect on the
interaction with the transferrin receptor. The analysis did not show differences in the three-
dimensional structure or chemical properties of the HFE gene in the red deer compared to
the human and cattle gene (Olias et al. 2011).

Hemochromatosis was also found in the Svalbard reindeer (Rangifer tarandus
platyrhynchus), yet, according to the studies, in this species the disease is of environmental
nature (Borch-lohnsen and Thorstense 2009; Klopfleisch and Olias 2012).

HEMOCHROMATOSIS IN OTHER SPECIES OF MAMMALS

Mutations in the HFE gene associated with the occurrence of hemochromatosis have also
been observed in other animal species, such as the black rhinoceros (Diceros bicornis).In
this species the p.S88T mutation was selected as a candidate based on sequencing.
However, further studies have shown that this polymorphism is an adaptation to low levels of
iron in the diet (Beutler et al. 2001).

Previous studies have only allowed identification of genes that may be associated with the
occurrence of hemochromatosis in mice. These include: the HAMP gene encoding hepcidin
antimicrobial peptide (Nicolas et al. 2001; Lesbordes-Brion et al. 2006), the SMAD4 gene
encoding SMAD family member 4 (Wang et al. 2005), the BMP6 gene encoding bone
morphogenetic protein 6 (Meynard et al. 2009), TMPRSS6 gene encoding transmembrane
serine protease 6 (Folgueras et al. 2008), HFE gene (Zhou et al. 1998; Bahram et al. 1999),
B2M gene encoding beta-2 -microglobulin (de Sousa et al. 1994), the HJV gene (Niederkofler
et al. 2005), the FPN1 gene encoding ferroportin-1 (Zohn et al. 2007) and the TfR2 gene
coding for transferrin receptor 2 (Fleming et al. 2002). Studies conducted in other animal
species only allowed indicating the potential mechanism of hemochromatosis; in some cases
mutations found in humans were excluded from the group related to the conditioning of this
disease in these species. In Salers cattle (House et al. 1994; O'Toole et al. 2001) and
rhinoceros (Kock et al. 1994; Beutler et al. 2001; Olias et al. 2012), the occurrence of
hemochromatosis has been associated with the presence of the HFE gene mutation. In
Mynah bird, however, the occurrence of hemochromatosis has been associated with
abnormal levels of DMT-1 and FPN-1 gene expression (Mete et al. 2005).

Hemochromatosis is also know to occur in the domestic dog but its genetic background
has not been yet determined (Sprague et al. 2003).

CONCLUSIONS

Hemochormatosis is an excessive deposition of iron that can lead to numerous tissue and
organ damage. The liver is primarily at risk; however, previous studies indicate that primary
or secondary damage may affect all organs. The disease is best known in humans, but its
occurrence has also been observed in many species of animals, including those living in
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natural environment and far from human. The occurrence of this disease in wild animals such
as red deer or Svalbard reindeer may lead to weakening of the population. Additionally, in
the case of hereditary form of hemochromatosis inherited as autosomal recessive, it can be
transferred between populations. In order to understand the genetic background of
hemochromatosis in the red deer, further research should be carried out, which eventually
will allow to broaden the knowledge on iron metabolism in this species. Moreover, the results
of these studies may reveal the previously unknown background of many diseases or
developmental abnormalities in individuals of this species.
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PODLOZE GENETYCZNE | SKUTKI NADMIERNEGO GROMADZENIA ZELAZA
U ROZNYCH GATUNKOW SSAKOW

Streszczenie. Hemochromatoza jest chorobg metaboliczng zwigzang z nadmiernym odkfada-
niem zelaza w organizmie. Obecnie u czlowieka wyrézniamy 5 typéw tej choroby, réznigcych
sie podtozem genetycznym oraz sposobem dziedziczenia, a takze czestoscig wystepowania. Ze
wzgledu na mozliwos¢ wystgpienia skutkéw Smiertelnych nadmierne odktadanie zelaza jest
zaburzeniem powazniejszym niz jego niedobdr. W chorobie tej Zelazo gromadzone jest
w organizmie w formie hemosyderyny, czyli biatkowego kompleksu magazynujgcego zelazo
w komérkach. Wystepowanie tej choroby zaobserwowano nie tylko u czlowieka, ale takze
u innych gatunkéw zwierzat, takich jak jelen szlachetny, nosorozec czarny, mysz domowa czy
bydio domowe. Niniejszy artykut ma na celu przedstawienie mechanizméw warunkowania
hemochromatozy u czlowieka, prawidlowego metabolizmu zelaza, wystepowania tej choroby
u jelenia szlachetnego oraz jej wptywu na biologie i populacje tego gatunku.

Stowa kluczowe: hemochromatoza, jelen szlachetny, metabolizm zelaza.



