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Chapter 4
Liver Cirrhosis with Inherited Liver 
Disease: Hemochromatosis

Keisuke Hino and Sohji Nishina

Abstract  Although liver cirrhosis is most commonly caused by hepatitis B and C 
viruses, alcohol, and nonalcoholic fatty liver disease, hereditary hemochromatosis 
also causes cirrhosis as one of the hereditary liver diseases. Hereditary hemochro-
matosis is characterized by iron deposition not only in the liver but also in heart and 
endocrine organs. Therefore, hereditary hemochromatosis potentially progresses to 
liver cirrhosis, diabetes mellitus, heart failure, and/or hypogonadism without early 
diagnosis and prompt initiation of treatment. On the other hand, the identification of 
important iron metabolic molecules and genes such as hepcidin, ferroportin, and 
HFE has made it possible to understand the molecular mechanisms underlying 
hereditary hemochromatosis and to introduce proper treatment at the early stage of 
disease. This chapter will review and discuss the iron metabolic regulation and the 
molecular and clinical characteristics of hereditary hemochromatosis.

Keywords  Hepcidin · Hemojuvelin · Ferroportin · Human antimicrobial peptide 
(HAMP) · Juvenile hemochromatosis

4.1  �Introduction

Essential trace elements such as iron, copper, and zinc are biologically indispens-
able for mitochondrial electron transport, signal transduction, redox reaction, oxy-
gen transport, and/or physiological catalytic reaction such as hydrolysis. Because 
these elements are transition metal, they also function as active region of various 
enzymes, cytokines, and hormones. Thus, metabolic disturbance of these elements 
results in critical disorder of biological functions, leading to the development of 
various diseases.

On the other hand, liver is a crucial organ for metabolism of iron. Therefore, 
primary metabolic disorders of iron give rise to liver diseases such as liver cirrhosis 
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and hepatocellular carcinoma (HCC) in addition to iron deposition in vital organs 
such as heart and endocrine organs. This chapter will review and discuss (1) iron 
absorption, (2) hepatocellular iron transport, (3) regulation of iron homeostasis, and 
(4) hereditary hemochromatosis as primary iron metabolic disorder.

4.2  �Iron Absorption

Iron can be absorbed from the diet in two forms in the proximal intestine: as inor-
ganic (nonheme) iron predominantly released from foods such as vegetables or cere-
als, or as heme iron from the breakdown of hemoglobin and myoglobin contained 
in red meat [1]. Heme (ferrous protoporphyrin IX) is more efficiently absorbed 
than inorganic iron from the diet. The mechanism responsible for heme uptake is 
not yet well understood, but it is known to occur by receptor-mediated endocytosis. 
The hem-carrier protein 1 (HCP1) has been identified as the most probable recep-
tor involved in this process [2]. However, it has low-affinity to heme and is more 
involved in folate absorption [3]. Once in the enterocyte, heme is broken by heme 
oxygenase 1 (HO1) and iron is released in its ferric state.

Nonheme-iron exists primarily in the bio-unavailable, oxidized form (Fe3+), 
which must first be reduced to Fe2+ for transport across the intestinal epithelium. At 
the apical membrane, there is a cytochrome b-like ferrireductase (Dcytb) [4]. Fe2+ 
then enters the cell through divalent metal transporter 1 (Dmt1), an iron transporter. 
Dmt1 is responsible for the absorption of the ionic forms of iron, cobalt, zinc, cad-
mium, and others, and takes advantage of the proton gradient existing between the 
gut lumen and the enterocyte cytoplasm to perform the transport of Fe2+ coupled 
with H+ [5].

In the cytoplasm iron is transferred to the basolateral membrane of the enterocyte 
or stored in ferritin, a multi-subunit protein shell that can accommodate up to 4500 
atoms of iron. The export of iron from the enterocyte to the circulation is a critical 
step for the entrance of iron in the body. The mammalian iron transporter, ferro-
portin-1, exists on the basolateral membrane of the enterocytes [6]. Ferroportin-1 
transports Fe2+ to the extracellular side of the basolateral membrane, where Fe2+ is 
oxidized by the ferroxidase, hephaestin, and ceruloplasmin in order to be associated 
with the circulatory transferrin [7, 8].

4.3  �Hepatocellular Iron Transport

Hepatocytes take up iron through at least two distinct pathways. They have a func-
tional transferrin cycle and a transport system to take up non-transferrin-bound iron. 
The cellular uptake of transferrin-bound iron is mainly mediated by the transferrin 
receptor 1 (TfR1). The molecules important for non-transferrin-bound iron trans-
port have not yet been identified. Hepatocytes store iron in ferritin. When iron is 
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needed elsewhere in the body, they can release it to transferrin through autophagy-
dependent mechanism (ferritinophagy) [9, 10]. This mechanism is described in 
detail later. The mechanism of hepatocyte export is not well known, but it may 
involve ferroportin-1. Ceruloplasmin seems to aid in iron export from hepatocytes, 
but its precise function has not yet been defined.

4.4  �Regulation of Iron Homeostasis

Systemic iron homeostasis, the control of iron balance throughout the body, requires 
controlled absorption, recycling, and storage, because there is no efficient path-
way for iron excretion in the human body. All the stages required for keeping iron 
homeostasis are strictly regulated at both systemic and cellular levels.

4.4.1  �Hepcidin

The major systemic regulator of iron homeostasis is hepcidin, which is a 25 amino-
acid peptide hormone exclusively synthesized in the liver and a soluble regulator 
that acts to attenuate both intestinal iron absorption and iron release from reticu-
loendothelial macrophages [11, 12]. Hepcidin acts by triggering internalization of 
ferroportin-1 and consequent degradation, and traps iron in absorptive enterocytes, 
macrophages, and hepatocytes [13]. Thus, coupling the internalization of ferropor-
tin-1 to hepcidin levels generates a homeostatic loop regulating the iron plasma 
level and the tissue distribution of iron. Hepcidin is expressed from the human 
antimicrobial peptide (HAMP) gene located at the long arm of chromosome 19. 
The increase of iron levels and inflammation upregulate the transcription of HAMP 
gene, while reactive oxygen species (ROS), hypoxia, and anemia/erythropoiesis 
repress its expression [14–18].

Hemojuvelin (Hjv), HFE, TfR1, and TfR2 that are located at the surface of 
hepatocytes are considered to be “iron sensors.” The Hjv-hepcidin axis is the 
most important mechanism for the upregulation of HAMP expression during iron 
overload. Bone morphogenic protein (BMP) binding to the Hjv and BMP recep-
tor complexes induces the phosphorylation of cytosolic sons of mothers against 
decapentaplegic (SMADs) 1, 5, and 8 [14, 19]. The phosphorylated SMADs form 
complexes with SMAD4, which are translocated to the nucleus where they bind to 
the BMP responsive elements present at HAMP promoter, inducing its transcription 
[20]. Proinflammatory cytokine interleukin 6 (IL-6) activates HAMP gene transcrip-
tion through a pathway that involves Janus kinase (JAK)-signal transducer and acti-
vator of transcription (STAT) signaling and a binding site for the transcription factor 
STAT3 [17, 21]. The transcription factor CCAAT/enhancer-binding protein α (C/
EBPα) is also clearly involved in regulating hepcidin transcription [22].
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4.4.2  �Iron Regulatory Protein (IRP)/Iron Responsive Element 
(IRE) System

Besides the systemic regulation of iron homeostasis by hepcidin, the IRP/IRE system 
controls both mRNA stability and translation of transcripts coding proteins involved in 
iron uptake (Dmt1 and TfR1), storage (ferritin), and export (ferroportin-1) [23, 24]. The 
IPP1 and IRP2 proteins are the main regulators of cellular iron in humans, but the IPR2 
protein is assumed to play a central role in IRP/IRE system [25]. Under iron deficient 
conditions, IRP binds to the IRE present at the 5′ or 3′-untranslated regions (UTRs) of 
mRNAs that code for iron regulatory proteins. Under iron depleted condition in cells, 
IRPs bind to the IREs present at 5′-UTRs of FTH, FHL (genes coding heavy chain and 
light chain of ferritin), and SLC40A1 (gene coding ferroportin-1), preventing ribosome 
assembly and further translation [26, 27], while they bind to the IREs present at 3′-UTR 
of TfR1 and SLC11A2 (gene coding Dmt1), increasing the transcripts stability and subse-
quently their translation [28, 29]. Thus, cellular iron depletion downregulates iron storage 
and export, and upregulates iron uptake. Alternatively, cellular iron increase makes IRPs 
unable to bind to the IREs, resulting in suppression of iron acquisition. Cellular regula-
tion other than IRP/IRE system for iron homeostasis will be discussed elsewhere.

4.4.3  �Ferritinophagy

In mammalian cells, iron homeostasis is maintained by compensatory regulation of 
iron uptake and storage depending on the availability of iron. Ferritin is the major 
iron storage protein in mammals. Ferritin forms a three-dimensional protein shell 
consisting of 24 protein subunits that can store up to 4500 atoms of iron [30]. Two 
isoforms of ferritin, ferritin heavy chain (H chain) and light chain (L chain), cooper-
ate in storing iron in the ferritin shell. The production of H and L chains is regulated 
by iron availability at the posttranscriptional level through IRP/IRE system as men-
tioned above. While the mechanism of iron-mediated regulation of ferritin expres-
sion has been well defined, comparatively little is known so far regarding the fate of 
the iron that is stored by ferritin. Ferritin is degraded via lysosomal in response to 
iron deficiency [31]. This process is mediated with autophagy [9]. Recently, nuclear 
receptor coactivator 4 (NCOA4) has been identified as the cargo receptor mediating 
autophagic turnover of ferritin (ferritinophagy) [10]. These results suggest that the 
targeting of ferritin to autophagosomes by NCOA4 is a general cellular mechanism 
for regulating bioavailable iron.

4.5  �Inherited Iron Metabolic Disorder

Iron overload, especially excess divalent iron can be highly toxic, mainly via the 
Fenton reaction producing hydroxyl radicals [32]. This is particularly relevant 
for hereditary iron-overloaded liver diseases such as hemochromatosis, in which 
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oxidative stress has been proposed as a major mechanism of liver injury. Oxidative 
stress and increased iron levels strongly favor DNA damage, genetic instabil-
ity, and tumorgenesis. Indeed, a significant correlation between 8-hydroxy-2′-
deoxyguanosine (8-OHdG), a marker of oxidatively generated DNA damage [33], 
and hepatic iron excess has been shown in iron-overloaded liver diseases.

4.5.1  �Hereditary Hemochromatosis

Hereditary hemochromatosis is a heterogeneous group of inherited iron-overload 
conditions that is characterized by increased intestinal absorption and deposition in 
vital organs, including the liver, heart, and endocrine organs. The hemochromatosis 
group shows common features with respect to increased transferrin saturation and 
parenchymal iron deposition in organs, resulting in the development of liver cirrho-
sis, HCC, heart failure, diabetes mellitus (DM), and hypogonadism, even though the 
severity of the different forms of hemochromatosis varies. Hereditary hemochroma-
tosis has been clinically classified into two phenotypes. The classical form induces 
mainly cirrhosis, DM, and/or skin pigmentation in middle-aged patients, while the 
other form, juvenile hemochromatosis, results in cardiac failure and hypogonadism 
before patients reach the age of 30 [34]. On the other hand, four types (type 1, 2, 3, 
and 4) of hemochromatosis have been genetically classified on the basis of muta-
tion in five genes (HFE, HAMP, Hiv, TFR2, and SLC40A1). Responsible genes 
and dysregulated iron metabolism in hereditary hemochromatosis are summarized 
in Table 4.1. The molecular mechanism common to all types but type 4 hereditary 
hemochromatosis fails to regulate hepcidin expression in response to cellular iron 
levels [35]. Figure 4.1 depicts the molecular mechanisms underlying various types 
of hereditary hemochromatosis.

4.5.1.1  �Type 1 Hereditary Hemochromatosis (Classical Form)

Type 1 hereditary hemochromatosis, known as classic hemochromatosis, is 
affected by HFE mutations and accounts for approximately 90% of all cases of 
hereditary hemochromatosis. It is characterized by mild disease progression with 

Table 4.1  Responsible genes and dysregulated iron metabolism in hereditary hemochromatosis

Type Subtype
Responsible 
gene Inheritance

Transferrin 
saturation

Serum 
hepcidin

1 HFE Autosomal recessive High Low
2 2A HJV Autosomal recessive High Low

2B HAMP High Absent
3 TFR2 Autosomal recessive High Low
4 4A SLC40A1 Autosomal 

dominant
Normal High

4B SLC40A1 High High

HJV hemojuvelin, HAMP human antimicrobial peptide, TFR2 transferrin receptor 2
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a gradual iron deposition in organs [36, 37]. HFE encodes an atypical histocom-
patibility class I protein that heterodimerizes with β-2 microglobulin [37]. Most 
affected patients are homozygous for a missense mutation (C282Y) that partially 
disrupts HFE function [37]. The C282Y mutation is known to be widespread in 
populations of Northern European descent [38], but its prevalence is extremely 
low in Asians [39]. Mutated HFE protein cannot bind to β-2 microglobulin and 
be transferred to the cell surface, which presumably results in failure to regulate 
hepcidin transcription, since HFE protein is considered to be one of “iron sen-
sors” at the surface of hepatocytes.
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Fig. 4.1  The impaired hepcidin–ferroportin system in genetic hereditary hemochromatosis. 
Hepcidin secreted by the liver regulates iron release from macrophages and duodenal enterocytes 
by interacting with the ferroportin expressed on their surface. Ferroportin transports Fe2+ to the 
extracellular side of the basolateral membrane. HFE, transferrin receptor 2 (TfR2), and hemojuv-
elin (HJV) are all required to adjust hepcidin expression to current iron needs. In hemochromatosis 
except for type 4, loss of any one of these hepcidin regulators diminishes intracellular hepcidin 
signal transduction and hepcidin secretion, leading to unrestricted flow of iron into the plasma iron 
pool. In type 4A hemochromatosis, loss of function mutants of ferroportin is unable to export iron 
from cells, resulting in iron accumulation predominantly in reticuloendothelial cells. In type 4B, 
ferroportin mutations are responsible for a gain of function with full iron export capability but 
insensitivity to downregulation by hepcidin, leading to iron accumulation in parenchymal cells and 
a phenotype similar to other hepcidin deficiency-based types of hemochromatosis
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4.5.1.2  �Type 2 Hereditary Hemochromatosis (Juvenile Hemochromatosis)

Type 2 hereditary hemochromatosis, known as juvenile hemochromatosis, is an 
autosomal recessive disease and affected by Hjv or HAMP mutations. This type of 
hemochromatosis is a rare but more progressive disease which includes hypogo-
nadism, diabetes, and cardiomyopathy. Severe iron overload and organ damages 
usually occur before patients reach the age of 30. Juvenile hemochromatosis is fur-
ther classified into two types: (A) Hjv-associated hemochromatosis [40], and (B) 
HAMP-associated hemochromatosis [41]. Hjv protein is also one of the “iron sen-
sors” at the surface of hepatocytes.

4.5.1.3  �Type 3 Hereditary Hemochromatosis

Camaschella et al. reported six patients who met the diagnostic criteria for heredi-
tary hemochromatosis but were not linked to HFE from two families of Sicilian 
origin, and identified homozygous Y250X mutation in TRF2 in these patients [42]. 
This type of hemochromatosis affects middle-aged adults but also adolescents and 
young adults and resembles type 1 hemochromatosis. The Y245X mutation of this 
gene in mice, equivalent to Y250X in humans, causes downregulation of hepcidin 
expression and iron accumulation in the liver [43]. In type 1, 2, and 3 hereditary 
hemochromatosis, serum hepcidin level is inappropriately low despite iron over-
load, and the diseases are inherited in the autosomal recessive pattern.

4.5.1.4  �Type 4 Hereditary Hemochromatosis

Type 4 hemochromatosis, which is affected by SLC40A1 mutations, is also known as 
ferroportin disease, and is less rare than type II or III [36]. The inheritance pattern is 
autosomal dominant. This disease is phenotypically heterogeneous with two forms (A 
and B). In form A, the loss of function mutants of ferroportin are unable to export iron 
from cells, resulting in iron accumulation predominantly in reticuloendothelial cells 
and decreased availability of iron for transferrin [36]. In form B, ferroportin mutations 
are responsible for a gain of function with full iron export capability but insensitivity 
to downregulation by hepcidin, leading to iron accumulation in parenchymal cells and 
a phenotype similar to other hepcidin deficiency-based types of hemochromatosis [36, 
44]. Thus, ferroportin disease form B shows elevated transferrin saturation-associated 
tissue iron accumulation, preferentially within hepatocytes.

4.5.1.5  �Other Type of Hereditary Hemochromatosis

Mutations in BMP6 gene have recently been reported in several families [45, 46]. 
It has been reported that serum hepcidin levels of patients with heterozygous muta-
tions of this gene were markedly low or inappropriately low for the iron overload. 
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Also, a heterozygous mutation in the IRE in the 5′-UTR of FTH gene has been 
demonstrated in patients with systemic iron overload [47]. The proband had iron 
deposition in hepatocytes and Kupffer cells/macrophages in the liver and spleen.

4.5.2  �Management of Hereditary Hemochromatosis

Early diagnosis and prompt initiation of iron depletion therapy are essential for pre-
venting irreversible organ damage. Although the penetrance of HFE C282Y is low 
among the general population except for northern European population, it is impor-
tant to consider biochemical screening for hemochromatosis (followed by genetic 
testing when indicated) when we see the patients with iron overload. Phlebotomy is 
the standard treatment for hereditary hemochromatosis, but there are no evidence-
based guidelines on the use of therapeutic phlebotomy. It should be repeated at 
appropriate intervals for at least 1 week [48]. Treatment is conventionally initiated 
when serum ferritin levels exceed the normal range [36]. The standard volume of 
phlebotomy is 400–500 mL which contains approximately 200–250 mg of iron, and 
it should be modified according to the patient’s age, body weight, hemoglobin level, 
and comorbidities [48]. Maintenance therapy is performed to keep serum ferritin 
levels 50 to 100 ng/mL, but iron deficiency with lower serum ferritin levels should 
be avoided. In patients with both iron overload and anemia, phlebotomy is inappro-
priate. In such cases, iron chelation therapy using desferrioxamine, deferasirox, or 
deferiprone may be considered [48].

Although glucose tolerance, cardiac function, and gonadal function should be 
monitored in patients with hereditary hemochromatosis, we also should bear in 
mind that HCC is at least twice as frequent among patients with hereditary hemo-
chromatosis compared with those who have other types of liver diseases because 
hepatic iron overload strongly favors DNA damage, genetic instability, and tumor-
genesis through enhanced oxidative stress.

4.6  �Conclusion

Because of the identification of important iron metabolic molecules and genes such 
as hepcidin, ferroportin, and HFE, our understanding of systemic iron regulation 
and the mechanisms of iron overload-related diseases has largely progressed in the 
past two decades. As liver is a crucial organ for iron metabolism, liver is likely to 
be involved in iron overload-related disorder. Hereditary hemochromatosis is one 
of the inherited liver diseases and occasionally diagnosed after the development of 
liver cirrhosis and/or HCC. Liver cirrhosis significantly reduces survival in concert 
with disorders in vital organs due to the parenchymal iron deposition. Therefore, 
early diagnosis and prompt initiation of iron depletion therapy are essential for 
improving the prognosis of patients with hereditary hemochromatosis. Recognition 
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of this disease is critical for hepatologists, hematologists, cardiologists, endocrinol-
ogists, and family physicians because inadequate management is fatal for patients 
with hereditary hemochromatosis.
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